Georgia College

Knowledge Box
Biology Theses

Department of Biological and Environmental
Sciences

Spring 4-16-2019

A Polyphasic Approach in Understanding Green Algal Ecology
Blia Lor
Georgia College and State University, blia.lor@bobcats.gcsu.edu

Follow this and additional works at: https://kb.gcsu.edu/biology
Part of the Bioinformatics Commons, Ecology and Evolutionary Biology Commons, and the Molecular
Biology Commons

Recommended Citation
Lor, Blia, "A Polyphasic Approach in Understanding Green Algal Ecology" (2019). Biology Theses. 1.
https://kb.gcsu.edu/biology/1

This Thesis is brought to you for free and open access by the Department of Biological and Environmental
Sciences at Knowledge Box. It has been accepted for inclusion in Biology Theses by an authorized administrator of
Knowledge Box.

A Polyphasic Approach in Understanding Green Algal Ecology

Blia Lor

Submitted to the Department of Biological and Environmental Sciences in partial fulfillment of
the requirements for the degree of Master of Science

Dr. Kalina M. Manoylov, Faculty Advisor

April 16, 2019

Georgia College & State University

2

Table of Contents

Acknowledgements ....................................................................................................................... 5
List of Figures................................................................................................................................ 6
List of Plates .................................................................................................................................. 9
List of Appendices ....................................................................................................................... 11
Abstract........................................................................................................................................ 12
1. Introduction ............................................................................................................................. 14
1.1 Evolution and Emergence of Algae..................................................................................... 14
1.2 Cladophorales, Ulvophyceae .............................................................................................. 15
1.3 Taxonomic Classifications .................................................................................................. 18
1.3.1 Organs of the Vegetative and Reproductive Systems ................................................... 21
1.3.2 Environmental Conditions Affecting Growth and Survival ......................................... 27
1.4 Species Concept Variations ................................................................................................ 30
1.5 Molecular Markers for Species Delineation ....................................................................... 31
1.6 Molecular Phylogenetic Tree Reconstruction .................................................................... 34
1.6.1 Maximum Parsimony ................................................................................................... 36
1.6.2 Maximum Likelihood ................................................................................................... 36
1.6.3 Bayesian Inference ....................................................................................................... 37
1.6.4 Assessment and Assumptions of Phylogenetic Methods .............................................. 37
1.7 Goals of the Study ............................................................................................................... 38
2. Materials and Methods ........................................................................................................... 39
2.1 Site Description & Culture ................................................................................................. 39
2.2 Morphological Analysis ...................................................................................................... 39
2.3 DNA Extraction and Sequencing ........................................................................................ 40
2.4 Alignment Matrix & Phylogenetic Tree Reconstructions ................................................... 41
3. Results ...................................................................................................................................... 42
3.1 Morphological Characteristics of the Vegetative and Reproductive Organs ..................... 42
3.2 Molecular Phylogenetic Analyses ....................................................................................... 44
3.2.1 Analyses of All the Phylogenetic Trees ........................................................................ 46
3.2.2 Analysis of the Most Resolved LSU Tree ..................................................................... 47
3

3.2.3 Analysis of the Most Resolved SSU Tree ..................................................................... 47
3.2.4 Analysis of the Most Resolved Concatenated LSU-SSU Tree ...................................... 48
4. Discussion ................................................................................................................................ 48
4.1 Algal Community Analyses ................................................................................................. 48
4.2 New Schematic of the Asexual Reproduction...................................................................... 51
4.3 Objective 1: Morphological Analyses of the Vegetative and Reproductive Organs .......... 52
4.4 Objective 2: Molecular Analyses ........................................................................................ 57
4.4.1 Analyses of the Novel Sequences ................................................................................. 58
4.4.2 Nature of Cladophora .................................................................................................. 59
4.5 Objective 3: Consensual Species-level Identification ......................................................... 60
5. Conclusion ............................................................................................................................... 61
References .................................................................................................................................... 62
Figure ........................................................................................................................................... 71
Plate .............................................................................................................................................. 85
Table ............................................................................................................................................. 94
Appendix ...................................................................................................................................... 97

4

Acknowledgements
I would like to express my sincere gratitude to my faculty advisor, Dr. Kalina M.
Manoylov, who has guided me with her patience, motivation, enthusiasm, and immense
knowledge relating to research and life in general. I would also like to thank Dr. Dave Bachoon
and Dr. David Weese for serving on my committee and their willingness to provide insightful
suggestions to widen my research. My thanks also go to Dr. Bruce Cahoon from the University
of Virginia at Wise for his collaboration in the molecular portion of this research. I am extremely
grateful to Merry Zohn and Yingfan Wang along with the colleagues of the Phycology Research
Lab of Georgia College for their advice and moral support. A special thank you to my parents,
Yeng Lor and Sue Vue, for their love, unfailing support, and continuous encouragement
throughout my academic career.

Blia Lor

5

List of Figures
Figure 1: Map view of the study site along the Ogeechee River in Jewell, GA noted by a red
star. 1 (33° 17’ 25.548” N, 82° 46’ 56.46” W) and 2 (33° 17’ 40.812” N, 82° 45’ 45” W)
used as reference sites to the study site (Source: Google Maps; accessed January 4, 2019).
Figure 2: Schematic of the asexual reproduction of Pithophora. (Step 1) A vegetative cell
capable of forming an akinete. (Step 2) Initiation of forming a new filamentous thallus
when the vegetative cells on both ends of the akinete dissociate. (Step 3) The akinete
gives rise to the cauloid and rhizoidal cell with the cauloid cell dividing. (Step 4) The
cauloid cell elongates and further divides until a new thallus is formed again as in Step 1.
Figure 3: The most resolved LSU tree (BI) inferred with the novel sequence shown in bold. The
bootstrap values of ML and MP and posterior probabilities of BI greater than 0.50 are
given above each branch as (ML/MP/BI). Branches with 1.00/1.00/1.00 support values
are noted with stars. Hyphens (-) indicate a branching order that does not exist for that
particular inference method.
Figure 4: The most resolved SSU tree (ML) inferred with the novel sequence shown in bold.
The bootstrap values of ML and MP and posterior probabilities of BI greater than 0.50
are given above each branch as (ML/MP/BI). Branches with 1.00/1.00/1.00 support
values are noted with stars. Hyphens (-) indicate a branching order that does not exist for
that particular inference method.

6

Figure 5: The most resolved concatenated LSU-SSU tree (ML) inferred with the novel sequence
shown in bold. The bootstrap values of ML and MP and posterior probabilities of BI
greater than 0.50 are given above each branch as (ML/MP/BI). Branches with
1.00/1.00/1.00 support values are noted with stars. Hyphens (-) indicate a branching order
that does not exist for that particular inference method.
Figure S1: The LSU ML tree based on the majority rule (50%). Bootstrap values (1,000
replicates) are indicated above the branches. Branches with 1.00 BP support values are
noted with stars. Support values lower than 0.50 are not shown.
Figure S2: The LSU MP tree based on the majority rule (50%). Bootstrap values (1,000
replicates) are indicated above the branches. Branches with 1.00 BP support values are
noted with stars. Support values lower than 0.50 are not shown.
Figure S3: The LSU BI tree based on the majority rule (50%). Posterior probabilities (1,000,000
generations) are indicated above the branches. Branches with 1.00 PP support values are
noted with stars. Support values lower than 0.50 are not shown.
Figure S4: The SSU ML tree based on the majority rule (50%). Bootstrap values (1,000
replicates) are indicated above the branches. Branches with 1.00 BP support values are
noted with stars. Support values lower than 0.50 are not shown.
Figure S5: The SSU MP tree based on the majority rule (50%). Bootstrap values (1,000
replicates) are indicated above the branches. Branches with 1.00 BP support values are
noted with stars. Support values lower than 0.50 are not shown.
Figure S6: The SSU BI tree based on the majority rule (50%). Posterior probabilities (1,000,000
generations) are indicated above the branches. Branches with 1.00 PP support values are
noted with stars. Support values lower than 0.50 are not shown.
7

Figure S7: The concatenated LSU-SSU ML tree based on the majority rule (50%). Bootstrap
values (1,000 replicates) are indicated above the branches. Branches with 1.00 BP
support values are noted with stars. Support values lower than 0.50 are not shown.
Figure S8: The concatenated LSU-SSU MP tree based on the majority rule (50%). Bootstrap
values (1,000 replicates) are indicated above the branches. Branches with 1.00 BP
support values are noted with stars. Support values lower than 0.50 are not shown.
Figure S9: The concatenated LSU-SSU BI tree based on the majority rule (50%). Posterior
probabilities (1,000,000 generations) are indicated above the branches. Branches with
1.00 PP support values are noted with stars. Support values lower than 0.50 are not
shown.

8

List of Plates
Plate 1: Macroscopic view of the algal culture with darkening cells along the filaments being
characteristic of akinetes. Taken November 12, 2018.
Plate 2: Characters of principal filaments. (A-B) 400x magnification. (C-D) 100x magnification.
(A) Single, parietal layer of chlorophyll granules. (B-D) Formation of intercalary akinetes
on the upper end of vegetative cells. (D) Intersperse akinetes. Scale bar = 10 µm.
Plate 3: Mature, heterosporous akinetes of the principal filament or of germinated branches at
100x magnification. (A-B, E-F) Intersperse akinetes. (B-D, F) Rows of akinetes. (F)
Terminal cells bearing triple akinetes. (E-F) Akinetes with germinating branches bearing
akinetes. Scale bar = 10 µm.
Plate 4: Terminal akinetes with variable shapes and sizes divided with or without a transversal,
parting cell wall. (A-E) 400x magnification. (F-L) 100x magnification. (A) Net-like
chloroplast. (K-L) Twin akinetes of the terminal cell. Scale bar = 10 µm.
Plate 5: Germination of an intercalary akinete of the principal filament divided with or without a
transversal, parting cell wall. (A) 400x magnification. (B-E) 100x magnification. (A-D)
Interrupted germination of a branch process with an akinete forming within the same cell
with some of the upper end of the akinetes assuming a beak-like process. (E) Germinated
branch at a 45º angle with the upper end of the branch process transformed into an
akinete. Scale bar = 10 µm.
Plate 6: Epiphytic diatom assemblages on Cladophora sp. (A-B) At 100x magnification. (C-D)
At 400x magnification. Scale bar = 10 µm.

9

List of Tables
Table 1: GenBank accession numbers of sequences used from previously published taxa under
the appropriate tree clades (modified from Boedeker et al. 2012). / = no information.
Table 2: Summary of datasets and models.
Table 3: DNA concentration and absorbance.
Table 4: Plastid and mitochondrial gene markers sequenced from the present study (modified
from Howe et al. 2008 and Yang et al. 2015).
Table 5: Reclassification of species name (reported from Boedeker et al. 2012).

10

List of Appendices
Appendix 1: Complete nuclear gene markers sequenced from the present study.
Appendix 2: Complete plastid gene markers sequenced from the present study.

11

Abstract
Pithophora and Cladophora are two representative genera of the order Cladophorales as
filamentous Chlorophyta. These two genera are major contributors to the total algal biomass of
littoral communities in freshwater and shallow marine water and have been reported as nuisance
algae as they proliferate fast with the influx of nutrients. However, the wide geographical
distribution and the overlap of plastic morphological characteristics between the two genera have
complicated taxonomic identification at species level and phylogenetic studies. In the present
study, a population of a monospecific, filamentous algal community was collected in Jewell,
Georgia from the Ogeechee River. The monospecific, filamentous algal community was
processed according to standard protocols and was identified by implementing a polyphasic
approach of incorporating genotypic and phenotypic methods. The morphological analysis
identified the monospecific, filamentous community as P. roettleri (Roth) Wittrock based on the
average length and diameter of its heterosporous, intercalary akinetes (226 ± 3.50 µm, 125 ±
3.07 µm) and terminal akinetes (233 ± 1.03 µm, 117 ± 3.48 µm) along with the average diameter
of the principal filaments (146 ± 5.92). To further support this identification, total DNA was
sequenced from the monospecific, filamentous community resulting in 11 plastid, one
mitochondrial, and five ribosomal DNA (rDNA) gene markers. Single-gene and concatenatedgene phylogenetic analyses of the LSU and SSU gene markers were analyzed to infer the
evolutionary relationship of the monospecific, filamentous community for species-level
identification. The molecular phylogenetic trees were inferred by three different methods and
compared to the previously published data: maximum likelihood, maximum parsimony, and
Bayesian inference. The overall phylogenetic analyses classified the monospecific, filamentous
community as P. roettleri (Roth) Wittrock with strong bootstrap and posterior probability
12

support values which are comparable to the morphological identification. Despite the
overlapping morphology between Pithophora and Cladophora, the resulting molecular analyses
revealed that the two genera evolutionary diverged from a distinct common ancestor. Instead, the
molecular evidence showed that Pithophora is most similar to Aegagropila due to their sister
relationship. Evidently, Pithophora has been reported in Georgia as a nuisance pond alga and
this study represents the first population ecology research of the species in Georgia, USA.
Further advancements in molecular data preceded by detailed morphological identifications will
aid in differentiating between the species of Pithophora and their ecology based on individual
genomes despite the overlapping phenotypic plasticity in morphological characters.
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A Polyphasic Approach in Understanding Green Algal Ecology
1. Introduction
1.1 Evolution and Emergence of Algae
Complex eukaryotic cells evolved following an endosymbiotic event involving the
engulfment of a bacterium by a host cell (Archibald 2015). This bacterium eventually
transformed into a double membrane bound organelle known as a mitochondrion from an 𝛼proteobacterial endosymbiont within a proto-eukaryote or as a primary plastid (chloroplast) from
a cyanobacterial endosymbiont within a non-photosynthetic eukaryote containing a
mitochondrion. Approximately 1.9 billion years ago, these primary plastids gave rise to oxygenic
photosynthetic eukaryotes comprised of three lineages: green lineage (green algae and land
plants), red algae, and glaucophytes (Del Cortona et al. 2017; Green 2011). Through a series of
successive endosymbiotic events involving two eukaryotic cells, the spread of primary plastids
led to the proliferation of algal groups containing plastids bounded by three or four membranes
(Archibald 2015; Katz et al. 2004).
Since the emergence of algae and their successful colonization within all aquatic
environments, a variety of them serve as model systems or are economically important
(Domozych et al. 2012; Fritsch 1948). As one of the most abundant life forms in aquatic
environments, algae are the main primary producers contributing to approximately 50% of all
photosynthetic activity on earth (Lowe and LaLiberte 2017; Oyedeji and Abowei 2012). Among
the 11 major groups of algae, green algae have played a crucial role in the formation of the
Earth’s atmosphere and global ecosystem for the past billions of years.
Aquatic algal communities are diverse and can be composed of coexisting groups of
phytoplankton floating within the water column and benthic algae inhabiting the surrounding
14

sediments (Oyedeji and Abowei 2012). Benthic algae may grow attached to submerged substrata
such as on plants (epilithic), rocks (epiphytic), or animals (epizoic) making them dominant in
periphyton communities (Lowe and LaLiberte 2017). Phytoplankton and benthic algal
communities are usually high in species richness and exhibit exponential growth when resources
are unlimited. However, the population sizes decline with depleted resources, accumulation of
toxic waste, and increased competition between species (Mittelbach 2012). Along with the
biological effects of communities, algae are ideal bioindicators in the assessment of water quality
as their distribution, abundance, diversity, and life histories are sensitive to the changing
physicochemical properties of water (e.g. conductivity, pH, temperature, and dissolved oxygen)
(Bellinger and Sigee 2010).
1.2 Cladophorales, Ulvophyceae
Two discrete lineages of algae have been hypothesized to have evolutionary diverged
from the green lineage, Chlorophyta and Streptophyta (Leliaert et al. 2012). The Chlorophyta
includes the majority of green algae which forms three major classes known as the UTC clade:
Ulvophyceae, Trebouxiophyceae and Chlorophyceae (Leliaert et al. 2012; Lewis and McCourt
2004). The smaller Streptophyta is composed of charophytes (primarily freshwater algae) and
land plants. Classified under the class Ulvophyceae, order Cladophorales has evolved into four
clades: Okellya, Aegagropila, Cladophora, and Siphonocladus (Boedeker et al. 2012). These
clades are composed of genera such as Pithophora, Cladophora, Aegagropila, and
Aegagropilopsis.
Morphologically and ecologically diverse, green algae of Cladophorales develop different
thallus forms such as multinucleate cells, filamentous, and branched or unbranched in freshwater
and marine habitats (Lewis and McCourt 2004). Some shared features consist of chloroplast
15

structure, morphology, and abundance. Each cell within a species contains numerous nuclei and
parietal chloroplasts that may be discoid or net-shaped (Collins 1909). The chloroplasts are
enclosed by a double membrane with lamellated thylakoids containing chlorophyll a and b along
with a set of accessory pigments (e.g. carotenes and xanthophylls) (Leliaert et al. 2012; Lewis
and McCourt 2004). For most representatives within the clades, the protein bodies of pyrenoids
are embedded with the chloroplasts and are surrounded by starch as the main reserve
polysaccharide (Del Cortona et al. 2017; Skinner and Entwisle 2004; van den Hoek 1959).
Pithophora of the family Pithophoraceae and Cladophora of the family Cladophoraceae
are representatives of the order Cladophorales, class Ulvophyceae (Zulkifly et al. 2013).
Pithophora and Cladophora are both branching, filamentous algae that can be observed
macroscopically. They are geographically widely distributed and abundant, making them
ecologically important in oxygen production and nutrient cycling (Boedeker et al. 2016; Zulkifly
et al. 2013). Pithophora is globally present within the littoral zone of lentic or semi-lentic
freshwater environments of the tropical and subtropical regions (Algarte et al. 2015; Boedeker et
al. 2010). Similarly, Cladophora is distributed worldwide in the littoral zones of freshwater and
marine water environments in temperate regions (Bot et al. 1990; Dodds and Gudder 1992).
Cladophora is rarely present in slow-flowing waters (Whitton 1970).
As major contributors to the total algal biomass of littoral communities in freshwater and
shallow marine water, they both favor mineral-rich waters with a pH value greater than 7,
although they can still grow in neutral to slightly acidic waters (Dodds and Gudder 1992;
Skinner and Entwisle 2004; Spencer et al. 1980). O’Neal and Lembi (1985) described
Pithophora with a maximum growth during the summer at temperatures exceeding 30 °C
whereas the population of Cladophora declines due to its intolerance of growing at such high
16

temperatures (Whitton 1970). The maximum growth of Cladophora is during the spring and
autumn seasons at temperatures generally below 25 °C (Whitton 1970).
In natural environments, the majority of Cladophora species are epilithic and epiphytic
(Awasthi 2015; Fritsch 1948). These adaptations aid in the growth of their population size
despite the occurrences of water turbulence. In quiet, stagnant waters, Cladophora species
assume the forms of free-floating tangles that float to the surface to access light (Fritsch 1948).
However, Pithophora species are rarely epilithic or epiphytic as they thrive in stagnant waters
(Awasthi 2015). Both genera are also considered as epizoic by growing on the exterior of aquatic
animals (e.g. shells of snails or clams).
Furthermore, Pithophora and Cladophora are referred to as ecosystem engineers
providing habitats for epiphytes and invertebrates due to their thick cellulose cell walls that do
not secrete an external mucilaginous layer (Boedeker et al. 2016; Prescott 1962). Fritsch (1907)
and Mason (1965) have described that assemblages of epiphytic diatoms can completely cover
the surface of Cladophora (e.g. Cocconeis pediculus Ehrenberg, Rhoicosphenia abbreviata
(Kützing) Grunow, and Gomphonema parvulum (Kützing) Grunow). Similarly, up to 85% of
Pithophora may be supportive of epiphytic assemblages (Saunders et al. 2012).
As their density in mass increases with fast proliferation rates in response to the influx of
nutrients while escaping predation, loose floating, benthic mats are formed in shallow or
stagnant, eutrophic waters (Dodds and Gudder 1992; Mischke 2012; Spencer et al. 1980). When
the production and accumulation of oxygen and carbon dioxide are trapped within the algal mats,
these gas bubbles expedite the buoyancy of the mats to surface in the water column, potentially
creating surface algal blooms (Mason 1965). Macroscopic growth of Pithophora and
Cladophora are green, thread-like filaments with a coarse texture (Awasthi 2015). Because
17

Pithophora is coarser and less flexible with narrower filaments than Cladophora, it is described
as “horsehair” compared to the “cotton mat” description of Cladophora (Fritsch 1907;
Pearlmutter and Lembi 1980).
In general, macroalgal blooms are dominated by very few taxa and show some
differences with microalgal blooms (Valiela et al. 1997). Macroalgal blooms, such as Pithophora
and Cladophora, are reported as nuisance algae because they are not chemically toxic like some
microalgal blooms, but they are able to persist in the environment for a long period of time.
Their thick growth shades below water surface and senescing cells are able to maintain high
bacteria population numbers. Their proliferation has been supported by environmental conditions
which are affected by anthropogenic activities (e.g. agriculture, fertilizer run-off, and wastewater
treatment) (Ansari et al. 2015; Valiela et al. 1997). As a result, they pose as a threat to
biodiversity when the function and structure of the ecosystem is impacted by their growth. They
also have multiple negative economic effects with increased lake water management problems
such as the quality of drinking water, unpleasant odor and appearance, clogging of water pipes,
and limitations to recreational activities (Ansari et al. 2015; Dodds and Gudder 1992).
1.3 Taxonomic Classifications
To distinguish Pithophora and Cladophora from other algal genera, taxonomic characters
of the presence of akinetes as reproductive cells (most important) and mode of branching have
been utilized (Fritsch et al. 1907; Zhu et al. 2018). However, the morphology between
Pithophora and Cladophora is very similar at some developmental stages which makes
taxonomic classification between species of the two genera difficult (O’Neal et al. 1985; Dodds
and Gudder 1992). There is a high resemblance in the sterile specimens of Pithophora and
Cladophora (Algarte et al. 2015). In fertile specimens, akinetes are the most distinguishable
18

taxonomic character for identification as very few species of Cladophora are described with
akinete developments.
More than 35 species of Pithophora (Index Nominum Algarum, http://
ucjeps.berkeley.edu/INA.html) have been described based on literature, but the overlap of
phenotypic plasticity in morphological characters between species have complicated taxonomic
and phylogenetic studies (Boedeker et al. 2010; de Moura-Junior et al. 2016). In general,
diagnostic characters used in taxonomic identification are dependent upon the shape, size, and
arrangement of akinetes and their vegetative cells (Boedeker et al. 2010). When species
identification is solely based on filament diameter along with another diagnostic character, a
single Pithophora species can easily be misidentified as ten other Pithophora species. Because of
the repetitive descriptions of Pithophora, all species are condensed, and taxa are recognized as
either P. roettleri (Roth) Wittrock or P. oedogonia (Mont.) Wittrock (Algarte et al. 2015;
Boedeker et al. 2012). The shape of their intercalary akinetes within the length of a filament as
opposed to the terminal akinetes at the end of the filament is the only distinguishable,
morphological character that separates the two species (Algarte et al. 2015; O’Neal et al. 1985).
Intercalary and terminal akinetes are unique features the genus that can grow as solitary,
in pairs, or in short chains (Boedeker et al. 2010). The shape of the intercalary akinetes are either
categorized as isosporous or heterosporous (Boedeker et al. 2012; Wittrock 1877). Isosporous,
intercalary akinetes of Pithophora are those that are of the same shape (e.g. P. oedogonia).
Because these isosporous akinetes vary in length and thickness within species, they are either
cask-shaped or cylindrical (Wittrock 1877). Heterosporous, intercalary akinetes exhibit two or
more forms with combinations of cylindrical, cask-shaped, to irregularly shaped (e.g. P. roettleri
(Roth) Wittrock). The terminal akinetes of Pithophora species with heterosporous, intercalary
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akinetes are generally obtuse and somewhat rounded with some being of the same shape as their
intercalary akinetes (Wittrock 1877).
Although the shape of the intercalary akinetes is the only morphological character in
Pithophora identification, the separation between isosporous and heterosporous akinetes is
unclear as their shape and size are dependent upon their stages of growth (Algarte et al. 2015;
Boedeker et al. 2010). As a result, this may cause ambiguous differentiations between
Pithophora species and Cladophora species that have been described to form akinetes like
Boedeker et al. (2012) and Pochon et al. (2015). Furthermore, the characters of the vegetative
cells and size of the intercalary akinetes have been described to vary comparatively little for
Pithophora (Wittrock 1877).
In Cladophora, more than 900 species have been described based on morphological
differences in characters but approximately only 100 species are universally recognized
(Boedeker et al. 2010). For classification, two main taxonomic characters consist of the amount
of branching and the development of intercalary and apical growth. However, Boedeker et al.
(2018) also described that multiple families of Cladophorales have similar branching
morphologies to Cladophora. Traditionally, morphological studies of Cladophora are
distinguished by eleven modified sections based on structural characteristics (Gestinari et al.
2010; Whitton 1970; Zulkifly et al. 2013). Yet, taxonomic identification of Cladophora is
problematic when few diagnostic characters exist from the overlap of morphological variation
and wide geographical distribution between species (Dodds and Gudder 1992; Gestinari et al.
2009; Pochon et al. 2015). To minimize phenotypic plasticity caused by environmental
influences, the taxonomy of European and North Atlantic species was defined from
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morphological characters that were observed and compared with those within natural and
artificial environments (Dodds and Gudder 1992).
1.3.1 Organs of the Vegetative and Reproductive Systems
The overlapping characters of the vegetative and reproductive organs of Pithophora and
Cladophora consist of: (1) plant body (thallus), (2) stem structure of the thallus (cauloid) and
filamentous outgrowth below the stem (rhizoid) as vegetative cells, (3) side branches on the stem
structure as vegetative cells, and (4) spore-like reproductive cells (akinetes) and prolific cells
high in cellular content. The vegetative and reproductive organs of both genera are rich in multinucleate protoplasm and chloroplasts which are irregularly arranged to form a parietal, net-like
structure or reticulum (Awasthi 2015; van den Hoek et al. 1995). The chloroplasts are comprised
of multiple pyrenoids surrounded by starch as a food reserve in which the starch grains are
microscopically visible (Leliaert et al. 2012; van den Hoek et al. 1995).
When submerged in water, the formation and increase of vegetative and reproductive
cells of Pithophora and Cladophora have been observed to occur in the same manner (Wittrock
1877). The filamentous thallus of both genera is comprised of a main axis (principal filament)
with a series of vegetative, connecting cells developed in a longitudinal direction. Each
vegetative cell within the principal filament is capable of ramifying into additional vegetative
cells or reproductive cells. Resembling the growth of higher plants, the vegetative cells of the
cauloid and rhizoid develop in opposite directions. As the stem of a plant, divisions and growth
of the cauloid occur apically (meristematic growth) and give rise to the vegetative and
reproductive cells throughout the thallus. As the root of a plant, the rhizoid exhibits growth
extending below the lowest cauloid cell of the thallus (van den Hoek et al. 1959; Wittrock 1877).
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The vegetative cells assume a cylindrical shape while the apical vegetative cells of the
principal filament and branches form a conical or rounded tip, similar to the tips of akinetes (van
den Hoek et al. 1959). In a single species, and within different species of the same genus, the
vegetative cells are greater in length than in width (Algarte et al. 2015). The vegetative cells of
Pithophora have been described to be very variable in length being five to 20 times greater than
the width of their cells. In Cladophora, the length of all the vegetative cells are proportionally
short and are approximately two to four times greater in length than in width (Wittrock 1877).
Besides vegetative fragmentation, Pithophora and Cladophora are able to reproduce
asexually by the formation of akinetes (Boedeker et al. 2010; van den Hoek 1959; Wittrock
1877). Although this is the only known mode of reproduction in Pithophora, Cladophora is also
able to reproduce sexually (Awasthi 2015; Chaudhary and Singh 1987; Zulkifly et al. 2013).
Akinetes are differentiated from growing, vegetative cells based on their cellular structure,
composition, and morphology (Sukenik et al. 2015). They are non-motile, reproductive and
perennating spore-like structures with thicker cell walls. Their shape and size can vary from
cylindrical to cask-shaped whereas vegetative cells are generally cylindrical. Newly formed
akinetes are distinguished by a darker green pigmentation due to the increased accumulation of
chlorophyll on chloroplasts containing reserve starch along with a greater percentage of lipid and
dry matter (Chaudhary and Singh 1987; O’Neal and Lembi 1983). This green pigmentation later
transitions into a blackish color after maturation as metabolic and photosynthetic activities
decrease within the akinetes.
Akinetes and prolific cells arise from the vegetative cells of the cauloid part of the thallus
under favorable conditions from intercalary cells, terminal cells, and branching cells (Wittrock
1877). Contrasting to vegetative cells, akinetes and prolific cells are richer in chlorophyll-colored
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protoplasm and starch (Chaudhary and Singh 1987; O’Neal and Lembi 1983). When akinetes or
prolific cells are formed, their cells widen to assume forms of regular or irregular shapes (e.g.
cylindrical-like to cask-shaped). Some Pithophora species have prolific cells that are cylindrical
like the shape of vegetative cells instead of the widen shape of akinetes (e.g. P. cleveana
Wittrock and P. polymorpha Wittrock) (Wittrock 1877). In contrast, Cladophora consists of
prolific cells that widen like Pithophora akinetes and can vary in shape (e.g. irregularly rounded
or pear-shaped). When a transversal parting cell wall is formed below the prolific cells of
Cladophora (e.g. C. fracta (O.F. Müller ex Vahl) Kützing), these cells transition into akinetes
like those of Pithophora. For terminal cells bearing akinetes or prolific cells, the upper ends
assume a pointed, cone-like tip.
Formation of akinetes and prolific cells, along with akinete germination, were initially
described by Wittrock (1877) but require updating. Akinetes and prolific cells are formed from
the youngest vegetative cells and proceed apically from the division of a mother cell into two
daughter cells. The upper part of the mother cell forms the apical, daughter cell as the akinete or
prolific cell whereas the lower, subapical daughter cell remains as a vegetative cell (Collins
1909). Upon the formation of a transversal, parting cell wall, the cell content of the vegetative,
subapical cell is slowly transferred to the apical cell which interrupts the parietal layer of
chloroplasts. Unlike Cladophora, the cell wall division in Pithophora results in the subapical cell
lacking in a green pigmentation, sometimes colorless, due to the significantly lower abundance
of chlorophyll granules in comparison to the abundance in the apical cell (Chaudhary and Singh
1987; Wittrock 1877). When a substantial amount of multi-nucleate protoplasm remains in the
subapical cells of Pithophora, successive formations of akinetes are induced and are positioned
directly below the first, oldest akinete.
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Akinete germination of Pithophora and Cladophora can be initiated while akinetes are
still contained within the thallus or by the disassociation of the vegetative cells on each end of
the akinetes before growth is continued in a lateral or longitudinal direction, respectively
(Wittrock 1877). O’Neal and Lembi (1983) described four phases of akinete germination
contributing to physiological changes with the phases similar to the descriptions in growth by
Wittrock (1877). In Phase I, the size of the akinetes (germination tube) increases alongside with
increasing respiration rates. Phase II is characterized by a protrusion developed from the
germination tube. In Phase III, this germination tube is elongated as photosynthetic activity
increases with chlorophyll and water content. Furthermore, the content of lipid and starch
decreases indicating that food reserves are utilized to initiate akinete germination and elongation.
After elongation, the germination tube is transitioned into a vegetative cell as respiratory rates
decrease in Phase IV (O’Neal and Lembi 1983).
This vegetative cell can give rise to branches or to a new filamentous thallus, similar to
the immediate germination of zoospores or zygotes of Cladophora (van den Hoek 1985; van den
Hoek et al. 1995; Wittrock 1877). In the development of a new thallus, the vegetative cell
divides into two daughter cells that are conically, cylindrical processes of equal or unequal
lengths based on the location of the obliquely transversal, parting cell wall. These daughter cells
are the cauloid and rhizoid parts of the thallus. The cauloid cell continues to further divide into
two vegetative, daughter cells with the upper daughter cell increasing apically and the lower
daughter cell ceasing to increase (Collins, 1909; van den Hoek et al. 1995; Wittrock 1877).
Continuous cell divisions of the same manner proceed when the upper daughter cell elongates to
a length that is approximately twice the length of the mother, cauloid cell which results in the
series of cylindrical, vegetative cells of the principal filament (Wittrock 1877).
24

The rhizoid system is an imperative difference between Pithophora and Cladophora (van
den Hoek 1985; Wittrock 1877). Cladophora is able to exhibit epilithic and epiphytic behaviors
due to their helicoid-like, grasping organs that are transformed from the rhizines of the rhizoid
system (van den Hoek et al. 1995). These irregular and unicellular to multicellular rhizoid organs
are germinated from the basal end of the principal filament and sometimes from the cells
immediately above the base or from the lowest branching cells. Because the rhizoid organs and
cauloid of Cladophora are not divided by a cell wall, the rhizoid organs belong to the lowest
cauloid cell instead of existing as an independent cell like that of Pithophora (Wittrock 1877).
However, they contain less chlorophyll than cauloid cells.
In contrast, the rudimentary rhizoid cells of Pithophora rarely have further ramifications
(Fritsch 1948). Aquatic Pithophora species float freely in water as they are rarely epiphytic due
to the lacking development of these grasping organs, unlike very few terrestrial species that do
develop rhizoid organs (e.g. P. cleveana Wittrock 1877). However, the grasping organs of these
Pithophora species are developed from the apical branching cells of the cauloid part of the
principal filament instead of from the rhizoid. Furthermore, studies by Algarte et al. (2015),
Skinner and Entwisle (2004), Wittrock (1877) observed the formation of both a rhizoidal cell and
cauloid cell in Pithophora but others (Neal and Herndon 1968, Wittrock (1877) documented the
formation of only one cauloid cell.
Branches of Pithophora and Cladophora exhibit a lateral growth (Chaudhary and Singh
1987; van den Hoek et al. 1995; Wittrock 1877). The divisions of branches are formed
acropetally with the oldest vegetative cells furthest from the apex to the youngest cells closest to
the apex of the principal filament. The length and apical branch-cell development of branches are
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also the greatest in the oldest, mother cell of the branches and of the furthest branches to the apex
in comparison to the younger, closest branches.
Branching of vegetative cells in both genera occurs with a slight, upward protrusion or
process positioned below the top and side of the supporting cells, either the subapical cell or
akinete (Chaudhary and Singh 1987; Wittrock 1877). As the small processes elongate into
branches of cylindrical shapes, they become more elevated relative to a 45° angle (Neal and
Herndon 1968; Prescott 1962). When the length of the processes is two to five times greater or
more than the diameter of the supporting, mother cell, a parting cell wall is formed at the base of
the branch to the principal filament (Chaudhary and Singh 1987). Branch-cell developments
occur from apical growth beginning from the branching, mother cell that divides into elongated
daughter cells, similar to the apical growth of the vegetative cells (van den Hoek 1995; Wittrock
1877). However, before the initial formation of the branches are complete by cell proliferation,
the formation process may be interrupted by the development of akinetes within the same
branching cell of Pithophora. As a result, branch formation ceases and the formed akinetes
assume a beak-like process at the side of the supporting cell or the upper part of the slightly
elongated branch process transforms into an akinete.
Pithophora is irregularly branched (van den Hoek 1995; Wittrock 1877) whereas
Cladophora is regularly branched (Awasthi 2015; Prescott 1962). Branches of Pithophora are
typically either solitary or in opposite pairs. The branches are formed a short distance below the
upper cell wall of the supporting cell with the distance being equivalent or less than the diameter
of the branching cells (Fritsch 1948). Typically, the length of the younger branching cells toward
the tip is longer than the cells of the principal filament (Awasthi 2015). Of all the Cladophora
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species, Wittrock (1877) observed two species that had similar branching pattern as Pithophora:
C. uncialis (O.F. Müller) Kützing and C. tomentosa Suringar.
Branches of Cladophora are formed immediately below the cell wall of the supporting
cells with branches typically opposite, alternative, or divided into two (dichotomous) or three
(trichotomous) sections (Awasthi 2015; Prescott 1962). Similar to the size of the vegetative
thallus, the branching cells are proportionally short with a longer length, but younger branching
cells are shorter in length towards the tip because of their apical growth (Wittrock 1877). When
Cladophora is dominated by intercalary growth instead of apical growth, its acropetal
organization is distorted and difficult to identify as filaments are scarcely branched like
Pithophora. As a result, the acropetal branching system contributes to the morphological
plasticity of Cladophora (Prescott 1962).
1.3.2 Environmental Conditions Affecting Growth and Survival
Specific, environmental factors contributing to akinete formation and germination of
Pithophora and Cladophora are poorly understood, or unknown for Cladophora species
producing akinetes (Boedeker et al. 2017; Boedeker et al. 2010; Dodds and Gudder 1992;
Pochon et al. 2015; Spencer et al. 1980). However, some studies have suggested that akinete
formation and germination are induced by multiple environmental factors such as temperature,
light intensity, and nutrient levels (Sukenik et al. 2015; Wittrock 1877). Furthermore, the
survival of vegetative cells and akinetes are sensitive to chemical stressors (e.g. deficiency in
nutrients or the presence of metals and/or pesticides) (Agrawal and Misra 2002). Under such
conditions, morphogenetic effects emerge which impact akinete germination, zoospore release,
and the development of cells along with their shape and size (Boedeker et al. 2010; Spencer et al.
1980; Whitton 1970).
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The cell walls of Pithophora and Cladophora contribute to their ability to survive during
periods of unfavorable growth and germinate under suitable environmental conditions as
perennial, overwintering algae (Mason 1965; Mischke 2012; Whitton 1970). The cell walls of
Pithophora are composed of two major polysaccharides, cellulose and chitin, whereas the cell
walls of Cladophora are stratified and composed of cellulose, pectin, and chitin (Awasthi 2015;
Pearlmutter and Lembi 1980). Because the chitinized cell walls of their thallus is thick but
flexible, they are able to freely float even under changing, hydrodynamic conditions that
Cladophora species particularly experience (Dodds and Gudder 1992; Pearlmutter and Lembi
1980). Consequently, this results in morphological plasticity when hydrodynamic disturbances
influence the branching and length of vegetative cells (Dodds and Gudder 1992; Gestinari et al.
2009).
Pithophora akinetes are developed in large numbers from mature, vegetative cells and are
formed during the fall and are most abundant in the winter (O’Neal and Lembi 1983; Spencer et.
al 1980). With rising temperatures in the spring, the abundance of akinetes decrease as they
germinate into vegetative cells to contribute to the maximum growth of Pithophora in the
summer (O’Neal and Lembi 1983; O’Neal and Lembi 1985; Spencer et. al 1980). In artificial
environments, akinetes of Pithophora sp. formed after three to five days in medium reaching
maturation after 15 or more days of development (Agrawal and Sarma 1983; Chaudhary and
Singh 1987). A study by Neal and Herndon (1968) described akinetes to form in abundance after
three or more weeks of being cultured in a medium similar to the observations of O’Neal and
Lembi (1983). Upon transferring the specimens to fresh medium, akinete germination was
initiated either immediately after development or after an additional three days (Agrawal and
Sarma 1983; Chaudhary and Singh 1987; O’Neal and Lembi 1983).
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The maximum of akinete formation and germination of Pithophora sp. occurred between
a pH of 4 to 9 as 8 being the most favorable with temperatures of 15-30 °C (Agrawal and Sarma
1983; Chaudhary and Singh 1987). Akinete formation was not observed at temperatures of 0 °C
and 40 °C due to the death of vegetative cells (Agrawal and Sarma 1983). The study of
Chaudhary and Singh (1987) revealed that this pH range did not have a profound effect on the
percentage of akinete germination depending on the number of days the specimens were cultured
(e.g. 78.5%-95.1% on the sixth day).
Based on the environmental effects of C. glomerata (Linnaeus) Kützing in nature,
Cladophora favors high light exposures, water turbulences, nutrient levels, and pH values
(Whitton 1970). Mason (1965) concluded that the density of mass is greatly affected by the
increase of vegetative cells from overwintered filaments in comparison to the germination of
akinetes and zoospores. The vegetative thallus of C. glomerata (Linnaeus) Kützing survived
throughout the year under varied water temperatures of 0 °C to 27.2 °C and grew at 21 °C to 34.7
°C with the best growth at a pH of 7.7 to 7.9. Results showed that akinetes were relatively
abundant in shallow waters throughout the year with the exception of May when akinete
germination occurred with the increase of nutrient levels at a pH of 8.1 to 8.3.
A difference in the responses of C. glomerata (Linnaeus) Kützing to temperatures was
observed in artificial environments. The best growth of C. glomerata (Linnaeus) Kützing was at
15 °C to 25 °C with limiting growth at 6 °C and 30 °C (Whitton 1970). Akinetes formed at water
temperatures of 28 °C to 30 °C, approximately 10 °C higher than in natural environments
(Mason 1965). At a temperature of 33 °C or higher and a pH value lower than 7.0 or higher than
10.0, death of C. glomerata (Linnaeus) Kützing was also observed (Whitton 1970).
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1.4 Species Concept Variations
The term “species” has been used loosely in systematic and comparative studies because
of the lack of a consensual definition even though it was agreed upon, by Ernst Mayr and many
others, that species represent a fundamental category of biological organization (Leliaert et al.
2014; Manhart and McCourt 1992). Consequently, more than 20 species concepts have been
developed based on the study of the biological properties of organisms and the method used to
delineate organisms to species level (Boedeker et al. 2010; Leliaert et al. 2014; Manhart and
McCourt 1992). Among them, the more commonly used ones consist of morphological,
biological, and phylogenetic species concepts.
The biological species concept is dependent upon reproductive isolation, but there is not a
clear distinction in species delineation (Leliaert et al. 2014). However, the application of this
concept to algae and microbial eukaryotes is very difficult because of reproductive barriers
relating to sexual reproduction and interspecific hybridization that are not well known. Sexual
reproduction in a majority of algae has been either unobserved or unpredictable in natural
environments or uninducible in artificial environments (Claridge et al. 1997). Therefore, the
biological species concept is impractical to use for species, such as in Pithophora, that are
known to predominately reproduce asexually (Bakker et al. 1992; Boedeker et al. 2010; Manhart
and McCourt 1992).
Early hypotheses of green algal phylogeny were solely based on morphological variation
which has dominated algal systematics for many decades until the 19th century (Leliaert et al.
2014; Leliaert et al. 2012; Manhart and McCourt 1992). For phycologists, light microscopy and
later electron microscopy were frequently used to observe character traits of microstructure and
ultrastructure of algae, respectively (Lewis and McCourt 2004). The morphological species
30

concept assumed that morphological variation between species is due to heritable genes.
However, this concept cannot be applied to species that have intraspecific morphological
variations of phenotypic plasticity induced by environmental conditions and of polymorphism
induced by evolutionary processes (e.g. Cladophora and Pithophora) (Dodds and Gudder, 1992;
Leliaert et al. 2014; Manhart and McCourt 1992). Additionally, newly developed morphological
variations between species have remained undetected as they do not emerge until well after
lineage divergence due to the effects of waters with changing physiological conditions (Leliaert
et al. 2014).
In developing a system for naming and classifying species, the phylogenetic species
concept was used to reflect the evolutionary history of organisms which is supported by the
hypothesis of phylogeny (Yang and Rannala 2012). For cladistic classification, species within
taxa should be monophyletic in which of all the known descendants of a common ancestor are
considered. As a result, species are often identified to the smallest monophyletic group (Manhart
and McCourt 1992). This concept became prevalent in algal systematics when molecular data
emerged from recent advances in high-throughput DNA sequencing of organellar genomes and
nuclear genomes (Leliaert et al. 2012; Leliaert et al. 2014).
1.5 Molecular Markers for Species Delineation
Combinations of the three species concepts have been applied to algae. In the 1970s and
1980s, the introduction of molecular phylogenetic methods and analyses led to the reevaluation
of the evolutionary relationship and classification of green algae; more specifically with the
relationship between green algae and land plants (Leliaert et al. 2012; Leliaert et al. 2014). These
methods were suggested to provide a better understanding of genome organization and
evolutionary relationship in comparison to the earlier studies of life cycles and ultrastructure of
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green algal cells (Leliaert et al. 2012). Molecular phylogenetic data have been used to test
traditional species-level taxonomies and discover or delineate species that were usually
morphologically indistinguishable or closely related (e.g. Pithophora and Cladophora) (Leliaert
et al. 2014). The evolutionary history of algal groups, the sampling strategy, and the molecular
marker used are known to aid in species delineation.
Within eukaryotic algal cells, three deoxyribonucleic acid (DNA) genomes coexist:
nuclear, plastid, and mitochondrial (Coleman and Goff 1991; Manhart and McCourt 1992). The
complexity and large size of the nuclear genome for Pithophora and Cladophora are attributed to
their large, multinucleate cells (Kapraun 2007). Kapraun (2007) estimated the nuclear genome
size of a Pithophora species to be 882 megabasepairs (Mb). Kapraun (2005) also estimated the
nuclear genome size of eight Cladophora species to range from 294-1127 Mb.
The plastid genome size of algae ranges from 0.073 Mb to over 0.4 kilobasepairs (kb) in
which the average algal plastid genome for Ulvophyceae is 0.1671 Mb (Coleman and Goff 1991;
Leliaert et al. 2012). Because the plastid genomes of green algae are present in multiple copies
per cell and contain repeating sequences, the approximation of the total number of protein coding
genes in the UTC clade is 94-99 which is comparable to the gene average of 104.5 for the class
Ulvophyceae as reported by Leliaert et al. (2012) (Cremen et al. 2018; Green 2011). A variety of
these plastid genes are involved in the functions of photosynthesis, ATP generation, expression,
and typically transcription and translation of genetic codes (Del Cortona et al. 2017).
The genome size of the mitochondria of algae is typically smaller than the genome size of
their plastids (Leliaert et al. 2012). The average genome of the mitochondria for the class
Ulvophyceae is 0.0763 Mb with an average of 55.5 genes. However, mitochondrial markers for
algae are rarely used because the majority of mitochondrial genomes have not been characterized
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(Coleman and Goff 1991; Leliaert et al. 2012). Fang et al. (2018) reported that the complete
genome of only 15 representatives of four orders from the class Ulvophyceae have been
sequenced thus far.
Few analyses of complete algal plastid, nuclear, and mitochondrial genomes at the genus
and species level have been studied with the exception of the complete nuclear genome sequence
of Chlamydomonas reinhardtii P.A. Dangeard (Coleman and Doff 1991). To date, there are
seven complete green algal nuclear genomes and 26 complete green algal plastid genomes that
have been sequenced and assembled, along with the sequences of individual genes of different
species (Leliaert et al. 2012). Recent studies have suggested that organellar genes and nuclear
genes should be analyzed collectively to correctly infer speciation (Leliaert et al. 2014). Because
algae are considered as a phylogenetically heterogenous group, appropriate molecular markers
are required for different algal groups (Leliaert et al. 2014). Ribosomal DNA (rDNA) markers
are primarily used for molecular analyses of green algaeand are further supplemented by actin or
plastid gene markers to fully resolve the relationships among the green algal lineage, more
specifically with Cladophorales (Boedeker 2010; Leliaert et al. 2012).
Although the 18S rDNA gene of the small subunit (SSU) is the most commonly used
marker, it is not as useful in speciation as the 28S rDNA gene of the large subunit (LSU)
(Boedeker 2010; Leliaert et al. 2014). However, the internal transcribed spacers (ITS1 and ITS2)
have also been described to identify species that the 18S rDNA and 28S rNDA markers were
unable to. Furthermore, algal studies that have compared genetic divergences between proteincoding genes with ribosomal RNA genes have suggested that the SSU rDNA was unreliable
when estimating the true number of species (Leliaert et al. 2014).
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In contrast to other algal groups, the chloroplast genome of Cladophorales is not wellknown. Unlike the role of ribosomal markers, the majority of the highly variable chloroplast
genes (e.g. rbcL, tufA, psaA, psaB) of Cladophorales are unable to be amplified except for the
rbcL gene of Chaetomorpha valida (J.D. Hooker & Harvey) Kützing (Del Cortona et al. 2017;
Leliaert et al. 2014). Plasmid-like DNA that are capable of replicating have been associated with
chloroplast DNA due to their homologous genes that are dissimilar to nuclear genes. These
plasmid-like DNA range from 1.5-3.0 kb because of their low-molecular-weight DNA fraction
(Del Cortona et al. 2017).
1.6 Molecular Phylogenetic Tree Reconstruction
Because the evolutionary changes in DNA and RNA sequences are hypothesized to be
proportionate to evolutionary time, molecular evolutionary studies are essential in reconstructing
phylogenetic relationships (Hori and Osawa 1987). Phylogenetic trees based on molecular
sequence data are reconstructed in the following main steps: (1) identify and acquire homologous
sequences to the sequence of interest, (2) choose an algorithm to align the sequences, (3) choose
a tree-searching method to estimate a phylogenetic tree with the resulting alignment (Hall 2013;
Hall 2011). Evidently, distance and tree-based methods have been used to identify or delineate
species through the detection of interspecific and intraspecific distances and the detection of
discontinuities in variation of sequences, respectively (Leliaert et al. 2014).
Some of the major methods of phylogenetic analysis include maximum parsimony (MP),
maximum likelihood (ML), and Bayesian inference (BI) methods which are all character-based
methods. For each method, a tree score is calculated based on comparing the characters of the
sequence alignment to one another (Yang and Rannala 2012). The criterion for the best tree score
for MP, ML, and BI are as followed: the minimum number of changes, the log-likelihood, and
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the posterior probability (PP) generated from log-likelihood. Theoretically, from each method,
all the possible trees are compared to produce the tree with the best tree score. However, a large
data set makes it impossible to perform such an exhaustive search for computing all possible
trees. As a result, a heuristic tree search is implemented instead to improve the tree score by
using algorithms even though the best tree under each criterion is not guaranteed. The data can
be described by implicit or explicit assumptions based on whether a method is model-based.
Whereas ML and BI use evolutionary models of nucleotide substitution, MP uses a search
method instead of an explicit model (Hall 2011).
Each method yields a different number of trees. MP and BI often produce multiple trees
that are able to generate a consensus tree while only one tree is recovered by ML (Yang and
Rannala 2012). Whereas probability is used to assess the confidence intervals of BI tree
topology, bootstrap analysis is used to assess MP and ML confidence intervals instead
(Felsenstein 1985). Numerous bootstrap pseudo-samples are created with the resampling of sites
in the sequence alignment in which the number of replacements is the same to the length of the
sequence (Yang and Rannala 2012). The bootstrap support values of clades are calculated from
the trees produced from replicates of bootstrap pseudo-samples. Each set of bootstrap support
value has a distribution that approximates the distribution of the true estimate of a clade within a
tree (Hall 2013; Felsenstein 1985). As a result, a higher bootstrap support value infers that the
estimate of taxa descending from that clade is higher in confidence. A majority-rule consensus
tree with an overall bootstrap estimate is generated when more than 50% of the same clades or
monophyletic groups exist in all of the bootstrap trees (Felsenstein 1985; Yang and Rannala
2012).
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1.6.1 Maximum Parsimony
MP minimizes the number of evolutionary steps on a phylogenetic tree to produce the
most likely (parsimonious) tree (Hall 2011). Initially, this method was developed for the analysis
of discrete morphological characters but since the late 1970s it has been applied to molecular
data (Yang and Rannala 2012). Each site in the sequence alignment is considered as a character
with different character states in different taxa (A, C, G, or T). Parsimony informative sites are
those with distinct character states that occur in at least two taxa. In general, these infer that
common characters between taxa are due to the inheritance from a common ancestor, also known
as ancestral states. On a tree, the interior nodes are assigned with character states in which each
length describes the minimal number of evolutionary changes for that site. Each of the
informative sites within all possible trees is evaluated and the corresponding number of changes
at each site are added to calculate the minimum number of changes for that tree (Hall 2011). The
most parsimonious tree or trees are those with the lowest tree scores.
1.6.2 Maximum Likelihood
ML was developed in the 1920s as a general methodology of statistical inference for
choosing the tree that maximizes the probability (likelihood) or reproducibility of observing that
data (Yang and Rannala 2012). The estimation of a ML tree involves calculating the tree score
from the optimized branch lengths of all possible trees and searching for a maximum likelihood
tree based on the chosen substitution model (Yang and Rannala 2012). Most substitution models
assume that the sites within a sequence alignment evolved independently in which the
likelihoods of these sites are the averages of all possible character states. Therefore, the
likelihood of a tree results from the product of the likelihood for each different site from that
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tree. Under the criterion of log-likelihood, the tree with the largest log-likelihood is the most
likely tree (Hall 2011).
1.6.3 Bayesian Inference
BI is a statistical method that was developed in the late 1990s and is a variant of ML in
estimating phylogenetic tree as they both use log likelihood as a criterion to choose the best tree
among all possible trees (Yang and Rannala 2012). Unlike ML, BI chooses the most likely tree
based on the combination of the data set and chosen substitution model. The likelihood of the
data is used to generate the posterior distribution, or posterior probability (PP), of a tree. BI
involves a five-step process which constitutes as one generation: (1) selecting a random tree as a
starting point, (2) calculating the posterior probability of that tree, (3) slightly modifying the
topology or branch length of that tree, (4) calculating the posterior probability of the new tree,
and (5) generally accepting the new tree if the posterior probability of that tree is greater than
that of the initial tree (Hall 2011). Additional generations are computed until further tree
modifications do not significantly change the likelihoods of the trees. From discarding a “burnin
fraction” of the early trees, the resulting set of the most likely trees are converged to produce a
consensus tree with the best score of posterior distribution.
1.6.4 Assessment and Assumptions of Phylogenetic Methods
Based on the inference method, there are numerous software that are designed to
reconstruct a phylogenetic tree (Hall 2011). However, there is not a best method or software
program for phylogenetic analysis as each one has their own advantages and disadvantages
which are dependent upon consistency, efficiency, robustness, and computational speed (Yang
and Rannala 2012). Generally, model-based methods that assume the correct substitution model
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are consistent when the inferred tree converges to the true tree if the number of sites in a
sequence increase.
ML is advantageous over MP because of its realistic substitution models that are able to
infer the process of sequence evolution (Yang and Rannala 2012). Additionally, the rich
repertoire of evolutionary models of nucleotide substitution for ML and BI is one of the major
advantages over MP because their explicit assumptions can be evaluated and improved by using
a different substitution model. Although the long computational speed of the likelihood
calculation and tree search for ML and BI is the main disadvantage of both methods, an
inappropriate substitution model for the corresponding data set can result in poor statistical
properties of the tree. For BI, PP of clades within a tree may be inflated and the majority of
nodes may have PP of 100% even though BI is suggested to be slightly more accurate than the
other methods.
For ML and BI, an inappropriate or simple substitution model is unable to detect variable
substitution rates among sites and this can also lead to long-branch attraction within a tree (Yang
and Rannala 2012). Long-branch attraction occurs when two or more sites consist of longer
branches in comparison to the other lengths (Phillipe et al. 2011). Because these branches are
often grouped together, an incorrect tree is inferred. MP may also exhibit long-branch attraction
because its implicit assumptions are unable to account for multiple substitutions that occur at the
same site. Furthermore, high substitution rates underestimate branch lengths. For all methods, an
increase in taxon sampling can reduce the occurrence of long-branch attraction.
1.7 Goals of the Study
In this study, it was hypothesized that morphological and molecular analyses of the algal
community to species-level will be congruent. The objectives of this study were: (1) the
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morphological analysis of primary producers from a lentic habitat reported as an impacted site,
(2) the species-level identification of the algal community by the inference of molecular
phylogenetic analyses using three different methods, and (3) the comparison of the resulting
morphological analysis with the molecular phylogenetic analyses for a consensual species-level
identification. It is suggested that this polyphasic approach of incorporating molecular techniques
with morphological data will both aid in the understanding of green algal ecology.
2. Materials and Methods
2.1 Site Description & Culture
As part of an environmental monitoring program for the State of Georgia, the Ogeechee
River exhibited a low water depth and was reported with the presence of nuisance, algal growth.
Consequently, an algal community was collected along the shore line of the Ogeechee River in
Jewell, Georgia (Figure 1) in October 2016 by colleagues of the Phycology lab at Georgia
College & State University. The preliminary identification and evaluation by microscopical
analysis revealed a monospecific, filamentous community. The monospecific, filamentous
community was cultured in an artificial environment with Bold’s basal medium containing high
concentrations of nitrogen and phosphorous. The culture was monitored at conditions of 20 ºC
with a light:dark photoperiod of 12:12 hours in preparation for morphological analysis and DNA
extraction for phylogenetic analyses.
2.2 Morphological Analysis
Morphological characters of the monospecific, filamentous community were observed
with a Leica light microscope (Leica Microsystem (Switzerland) Ltd., CH-9435 Heerbrugg) at
100x and 400x magnification. Qualitative characters of the thallus were examined: organization
and formation of branches, shape and sizes of vegetative and reproductive cells, and
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characteristics of chloroplasts. From 12 algal specimens and 108 cells analyzed, the length and
diameter of the principal filament, intercalary akinetes, and terminal akinetes were observed and
quantified.
2.3 DNA Extraction and Sequencing
Total genomic DNA was extracted from the two samples of the monospecific,
filamentous community using the DNeasy PowerBiofilm Kit (Qiagen, Santa Clarita, CA, USA),
according to the manufacturer’s protocol. Purity levels of 1.8 at A260/A280 with concentrations
of 20 ng/µL were assessed with Nanodrop 2000 UV-VIS spectrophotometer (ThermoFisher
Scientific). After extraction, DNA samples were stored at -20 ºC before they were shipped to Dr.
Bruce Cahoon, collaborator from the University of Virginia at Wise, for gene acquisition using
next-generation sequencing (NGS) methods and gene assembly.
Sequence reads were trimmed, paired, and aligned to the templates of Del Cortona et al.
(2017) using the bioinformatics platform, Geneious (Biomatters, Auckland, NZ). MiSeq reads
were assembled using a bait + extension strategy similar to that described by Coissac et al.
(2016). The first round of alignment was performed using Geneious’ Map to Reference function
with the following parameters: 20% maximum mismatches per read, 80% minimum overlap
identity per read, and gaps allowed up to 10% per read with a maximum gap size of 15. The
consensus sequence generated from each of the initial alignments excluded the UTEX
787 template (Del Cortona et al. 2017) from the calculation. The consensus sequences were then
used as template for rounds of increasingly stringent alignments until only matches with 99%
sequence identity and no gaps were allowed. Each gene sequence was then used in templatebased assembly to extend the ends. Each round of extension would add 100-300 bases to each
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side of the template in a manner similar to a de novo assembly. The extended templates were
aligned after multiple rounds of assembly to identify overlapping sequences.
2.4 Alignment Matrix & Phylogenetic Tree Reconstructions
Two single-gene and one concatenated-gene analyses of the LSU and SSU gene markers
were used to reconstruct molecular phylogenetic trees to infer the species-identification of the
monospecific, filamentous community. The sequences used in the alignments were modified
from the dataset of Boedeker et al. (2012), with the addition of Pithophora sp. ‘Kamigori’ in the
SSU dataset analyses (Table 1). The details of the datasets and models of each alignment are
shown in Table 2. From the basic local alignment search tool (BLAST, Altschul et al. 1990), the
LSU and SSU homologous sequences from Boedeker et al. (2012) producing significant
alignments with the novel LSU and SSU sequence, respectively, were imported into MEGA v7.0
(Kumar et al. 2016) for multiple alignment along with Trentepohlia sp.and Ulva fasciata Delile
as two outgroup taxa (accession numbers in Table 1 and summary of the datasets in Table 2).
The LSU and SSU sequences used for the phylogenetic analyses were preliminary
aligned using MUSCLE (multiple sequence comparison by log-expectation; Edgar 2004) with
default parameters in MEGA v7.0. The final matrix of the LSU alignment was comprised of 22
taxa (the novel sequence, 21 homologous taxa, and two outgroup taxa) sequences with the final
alignment manually trimmed from 3,348 to 640 positions. The final matrix of the SSU alignment
and concatenated LSU-SSU alignment were comprised of 25 taxa (the novel sequence, 24
homologous taxa, and two outgroup taxa) sequences. The final alignment of the SSU sequences
was manually trimmed from 1,680 to 1,811 positions whereas the final alignment of the
concatenated LSU-SSU sequences was 2,325 positions.
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All ML and MP analyses were implemented using MEGA v7.0 whereas the BI analyses
were performed by using the MrBayes v3.2.6 plug-in in the Geneious platform (Ronquist and
Huelsenbeck 2003). The best nucleotide substitution model for each dataset and methodology
was determined by MEGA v7.0 (Table 2). The ML and MP analyses of the SSU and
concatenated LSU-SSU datasets were performed using the Kimura 2-parameter (K2) model with
invariant sites (I) and gamma distribution (G) which is equivalent to the Hasegawa-KishinoYano, 85 (HKY85) model with inverse gamma (invgamma) distribution for the BI analyses. The
ML and MP analyses of the LSU dataset were performed using the Tamura 3-parameter (T92)
model with G which is equivalent to the HKY85 model with G. All ML and MP analyses were
executed using the subtree-pruning-regrafting algorithm.
All methodologies were statistically supported by bootstrap probabilities (BP) for the ML
and MP analyses and posterior probabilities (PP) for the BI analyses. The bootstrap probabilities
were calculated with 1,000 bootstrap (Felsenstein 1985) replicates for all ML and ML analyses.
The BI analyses consisted of 1,000,000 generations sampled every 100 generations. A burn-in
sample of 25% of the retained BI trees were removed before calculating the majority rule
consensus tree. The posterior probabilities (PP) of the BI trees were calculated using a
Metropolis-coupled Markov chain Monte Carlo approach. In all trees, gaps were treated as
missing data and all sites were weighted equally. All resulting trees were visualized and
annotated in TreeGraph v2.14.0-771 beta (Stöver and Müller 2010).
3. Results
3.1 Morphological Characteristics of the Vegetative and Reproductive Organs
Macroscopically, akinetes were observed from older filaments based on the dark colored
cells along the principal filaments (Plate 1). Older filaments with akinetes had a coarser texture
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in comparison to younger filaments with no akinetes. Specimens were observed to be rich in
nuclei and chloroplasts containing pyrenoids in the vegetative and reproductive cells. The
average diameter of the principal filaments was 146 ± 5.92 µm ranging from 120-182 µm. The
principal filaments were composed of a series of long cylindrical cells with each cell being
variable in length. Furthermore, the apical vegetative cells of the principal filaments and
branches were significantly longer than the enclosed vegetative cells. Vegetative cells of
colorless and chlorophyll-colored protoplasm were observed throughout the fertile specimens.
The subapical cells of the principal filaments consisted of a single layer of chloroplast (e.g. Plate
2A). Occasionally, the chloroplasts layer was distorted and assumed a widen, net-like
arrangement (Plate 3A). Newly formed akinetes and matured akinetes were observed throughout
the principal filaments and branches bearing akinetes. On average, the length (188-250 µm) and
diameter (100-150 µm) of the intercalary akinetes were 226 ± 3.50 µm and 125 ± 3.07 µm,
respectively. Likewise, the average length (198-258 µm) and diameter (95-140 µm) of the
terminal akinetes were 233 ± 1.03 µm and 117 ± 3.48 µm, respectively.
Numerous heterosporous, intercalary akinetes of the principal filaments were newly
formed akinetes based on their green pigmentation (Plate 2B-D). The intercalary akinetes of the
principal filament with no transversal, parting cell wall (Plate 2) assumed more of an invariable
cask-shaped form in comparison to the variable shapes and sizes of the developed heterosporous,
intercalary akinetes (Plate 3) and terminal akinetes (Plate 4). All of the terminal cells attained a
cone-like tip whereas the form of the akinetes ranged from cask-shaped (e.g. Plate 4A) to
cylindrical-like (e.g. Plate 4H). Matured, blackish akinetes of the principal filament were either
intersperse or in rows (Plate 3). Rows of intercalary akinetes were formed from the same mother
cells with some bearing triple akinetes (Plate 3C) to five in a row (Plate 3D). Twin or triple
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akinetes were also observed from the terminal cells of the principal filaments (Plate 3F, 4K-L).
These row of akinetes were more common within the principal filament than in the branches.
Branches were irregularly formed throughout the thallus. Fully germinated branches
developed from intercalary akinetes (Plate 3E) or from the terminal akinetes in some occasions
(Plate 3F). Interrupted germination of akinetes into branches were also observed throughout the
principal filaments (Plate 5). The germinated branch processes ceased formation as akinetes were
formed within the same cell with some divided by a transversal, parting cell wall. Akinetes of
Plate 5C-D exhibited a beak-like form. Because the branch process in Plate 4E was more
developed, the elongation of its branch assumed a 45° angle to the principal filament while an
akinete was formed on its upper end. Branches were also observed to be formed a space below
the upper cell wall of the supporting cell (Plate 5C-D). Rhizoidal cells, zoospores, and zygotes
were not observed.
3.2 Molecular Phylogenetic Analyses
Five ribosomal gene markers (Appendix 1), one mitochondrial gene marker (Appendix
2), and 11 plastid gene markers (Appendix 2) were sequenced in this study from the total DNA
extracted from the monospecific, filamentous community (purity levels in Table 3). Pertaining to
the mitochondrial and plastid gene markers, the function of each gene marker was determined to
correspond with: ATP synthase, cytochrome b6f complex, cytochrome c oxidase subunit,
photosystem I, photosystem II, and rubisco (Table 4). From the five ribosomal gene markers, the
single and concatenated LSU and SSU gene markers were analyzed to identify the monospecific,
filamentous community. Overall, nine trees were produced with three trees for each of the three
dataset analyses. The LSU and SSU analyses were comprised of 22 and 25 taxa, respectively,
resulting in 25 taxa for the concatenated LSU-SSU analyses. All LSU taxa are analogous to the
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SSU taxa with the exception of Cladophora sp. ‘Tateyama’, Arnoldiella conchophila V.V. Mill,
and Pithophora sp. ‘Kamigori’ in which there is no data provided in GenBank or the LSU or
SSU gene marker was not sequenced for that particular specimen.
From the taxa used, the resulting trees were composed of eight clades: Aegagropila,
Aegagropilopsis, Basicladia (synonymous to Arnoldiella), Cladophora, incertae sedis,
Pithophora, Pseudocladophora, and Wittrockiella. Species name are displayed on the terminal
nodes of the trees with either BP or PP support values on the branches of the internal nodes,
representing hypothetical ancestors. All phylogenetic trees are presented as rectangular
cladograms instead of phylograms to better display the ML BP, MP BP, and BI PP support
values for all dataset analyses. The ML BP and MP BP support values are described as strong
(0.90-1.00), good (0.80-0.89), moderate (0.70-0.79), weak (0.50-0.69) or with no (<0.50)
support. The BI PP support values are described as strong (1.00), good (0.95-0.99), weak (0.900.94), or with no support (<0.89). The BP and PP support values below 0.50 are not shown in the
trees. Poorly supported branches are collapsed into polytomies.
From each dataset analysis, the most resolved tree within that dataset was selected to
display the support values that are greater than 0.50 as ML BP/MP BP/BI PP on the
corresponding branches of the eight clades present. The most resolved trees representing the
combined support values for the LSU, SSU, and concatenated LSU-SSU analyses are as
followed: Figure 3 on the BI tree, Figure 4 on the ML tree, and Figure 5 on the ML tree. The
individual trees of each dataset analysis are provided as supplementary information and are
labeled in the order of their corresponding ML, MP and BI trees respectively: (1) the LSU trees
as Figure S1, S2, and S3, (2) the SSU trees as Figure S4, S5, and S6, and (3) the concatenated
LSU-SSU trees as Figure S7, S8, and S9.
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3.2.1 Analyses of All the Phylogenetic Trees
The branching order within the clades of all the trees are identical but the topologies of
the trees vary between dataset analyses, more specifically with the topologies of
Aegagropilopsis, Basicladia (Arnoldiella), incertae sedis, and Wittrockiella. All clades are
monophyletic with the exception of incertae sedis as being either paraphyletic or polyphyletic
(discussed later in the following subsections). Four different relationships of the incertae sedis
clade exist with Basicladia okamurae (Ueda) Garbary and Basicladia ramulosa Ducker sharing
the same most recent common ancestor with: (1) the Basicladia (Arnoldiella) clade (Figure S1
and S3), (2) either the Basicladia (Arnoldiella) or Wittrockiella clades (Figure S4 and S7), (3)
either the Basicladia (Arnoldiella) clade or with more than two clades (Figure S9), or (4) either
with more than two clades (Figure S2, S5, S6, and S8).
Although some incongruities in the topologies exist among all trees, the novel sequence
is grouped within the monophyletic clade of Pithophora and is strongly supported despite the
different dataset analyses. All trees show that Aegagropila and Pithophora are sister groups
sharing a single common ancestor. From the SSU and concatenated LSU-SSU trees, both
Aegagropila and Pithophora are closely related to Aegagropilopsis. However, the LSU trees
show a closer relationship between these two clades with Basicladia (Arnoldiella) and incertae
sedis. Consensually, Cladophora is the most distantly related clade but it shows a closer
relationship with Pseudocladophora in comparison to the other clades. The exception to this
relationship is in the LSU ML tree (Figure S1) in which these two clades have a sister
relationship.
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3.2.2 Analysis of the Most Resolved LSU Tree
The Pithophora clade has strong BP and PP support values whereas the support between
the novel sequence and Pithophora roettleri (Roth) Wittrock varies from strong to no support
(Figure 3). Each clade is revealed to have diverged individually from a different most recent
common ancestor compared to the most recent common ancestor of the clade above it. The
exception to this trend is with Basicladia (Arnoldiella) and incertae sedis sharing a more recent
common ancestor in which incertae sedis is paraphyletic. However, this relationship between the
two clades are poorly supported as the support values only exist for the BI analysis. The
Aegagropila, Cladophora, Pithophora, Pseudocladophora, and Wittrockiella clades are strongly
supported whereas the support of the Aegagropilopsis, Basicladia (Arnoldiella), and incertae
sedis clades vary from weak to good or with no support. Although Aegagropila and Pithophora
are sister groups, the support of these two clades are weak across all inference analyses.
3.2.3 Analysis of the Most Resolved SSU Tree
From the SSU tree (Figure 4), Cladophora, Pithophora, and Pseudocladophora are
strongly supported by all inference analyses along with the strongly supported relationship
between Cladophora albida (Nees) Kützing and Cladophora vagabunda (Linnaeus) van den
Hoek. Support for the remaining clades are as followed: Aegagropila and Wittrockiella with
good or strong support, Aegagropilopsis with weak or good support, Basicladia with strong to no
support, and incertae sedis with weak or no support. The following six clades are shown to have
diverged from a common ancestor with a most recent common ancestor between Basicladia
(Arnoldiella), incertae sedis, and Wittrockiella and another between Aegagropila,
Aegagropilopsis, and Pithophora. Incertae sedis exhibits a polyphyletic nature as Basicladia
okamurae (Ueda) Garbary shares a common ancestor with Wittrockiella whereas Basicladia
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ramulosa Ducker shares a common ancestor with Basicladia (Arnoldiella). Although the support
of the relationship between incertae sedis and Wittrockiella is not evident, the support between
incertae sedis and Basicladia is either weak or also not evident. The relationship between
Aegagropila and Pithophora is weak or moderate for the ML and MP analyses but is not evident
in the BI analysis. These two clades are closely related to Aegagropilopsis but with weak or
moderate to no support.
3.2.4 Analysis of the Most Resolved Concatenated LSU-SSU Tree
The topology of concatenated LSU-SSU tree (Figure 5) is identical to the LSU tree
(Figure 4) with the same evolutionary ancestor trend but with varying support values as both of
the most resolved trees are from the ML analyses. Five clades of the concatenated SSU-LSU tree
(Figure 5) are strongly supported: Aegagropila, Cladophora, Pithophora, Pseudocladophora,
and Wittrockiella. Additionally, the relationship between Cladophora albida (Nees) Kützing and
Cladophora vagabunda (Linnaeus) van den Hoek along with Basicladia cf. chelonum (Collins)
W.E. Hoffm. Et. Tilden and Basicladia kosterae (C. Hoek) Garbary are strongly supported.
Similarly, Aegagropila and Pithophora are sister groups with support as being either weak or
good. The support values of Aegagropilopsis is similar to that of Figure 4 with a difference of
0.01 in the ML and BI analysis. Although the topology of incertae sedis is identical to Figure 4,
the relationship to Wittrockiella is equivalent to Figure 4 whereas the relationship between
incertae sedis and Basicladia is either weak to no support or is not evident.
4. Discussion
4.1 Algal Community Analyses
The monospecific, filamentous community collected from the Ogeechee River in October
28, 2016 presented an opportunity to understand nuisance algal ecology from several
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perspectives. In 2016, there was a lack of precipitation in Georgia as the interior Southeast of the
United States experienced intensified periods of drought (NOAA 2016). This severe drought
contributed to lower water levels in all aquatic habitats, lower concentrations of nutrients and
dissolved oxygen, and slower, stagnant waters in certain areas. Despite Hurricane Matthew
making a landfall as a Category 1 hurricane along the coastal area of the Southeast and impacting
the altered aquatic ecosystems, the drought was so strong and prolonged throughout the year that
the inland flooding and disasters caused by the hurricane did not increase the water levels
(NOAA 2016). As a result, the Ogeechee River was not able to restore itself making it more
vulnerable as its ecological complexity and algal community continued to decline with its lower
water depth. However, these events show that the collected monospecific, filamentous
community can survive and persist within the ecosystem even under severe weather conditions
or when a natural disaster occurs.
Paerl and Huisman (2008) suggested that the growth of algal blooms is expedited by the
changes in the hydrological cycle when the patterns of precipitation and drought are affected by
global warming. When water retention time is increased and nutrient loads are captured, the
surrounding sediment acts as a nutrient source which accelerates eutrophication and promotes
nuisance or harmful algal blooms (Paerl and Huisman 2008; Sundbäck et al. 1996). As these
dense algal blooms become buoyant and surface above water, the growth of the nonbuoyant
phytoplankton is suppressed as light penetration into the water column is reduced. Furthermore,
these algal blooms have negatively impacted aquatic ecosystems that provide drinking water,
recreational activities, and fishing opportunities. Nuisance algal blooms, such as the
monospecific, filamentous community in this study, pose as an ecological problem as they are
able to persist up to weeks or months depending on the season and under favorable
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environmental conditions (Saunders et al. 2012). However, algal blooms that are capable of
releasing toxins into the water may only persist for a few days before they are dispersed by
physical factors such as increasing turbidity and cooler temperatures (Paerl and Otten 2013).
Considering climate change and the loss of ecosystem services, there is a need in
understanding the population dynamics of primary producers that trigger massive changes in the
trophic levels above them. What was not understood before was that taxa, like Pithophora
roettleri (Roth) Wittrock, are able to transform their vegetative cells into akinetes and show a
competitive advantage because of their overwintering capabilities. Through this study, it is better
understood how and why such organisms can take over an ecosystem as they grow at a faster rate
than any other taxa. This can explain how a river algal community can transform from a
thousand of species down to a community dominated by a single filamentous green alga that
floats to the surface of the water such as the monospecific, filamentous community in the present
study.
Pertaining to Pithophora roettleri (Roth) Wittrock, its nuisance fast growth makes it
difficult to control its the population size because the cells are too large for grazers. The
insoluble properties of the crystalline, cellulose cell wall of this algal also protects it from being
degraded by microbial organisms such as viruses (Zulkifly et al. 2013). However, some species
of fungi and bacteria do have the capability of cellulose degradation if they possess the
appropriate multienzymes to hydrolyze cellulose. Therefore, this algal can persist without
competition and is able to regenerate itself. Because this alga can cause anaerobic conditions
when its massive biomass is digested, the depleted oxygen in aquatic habitats results in fish kills
(Paerl and Huisman 2008; Sundbäck et al. 1996). Such an event can also be caused by an alga
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that releases toxins under stressful environmental conditions to protect its own survival (Valiela
et al. 1997).
Epiphytic diatoms were also not observed on the monospecific, filamentous community
at the time of the morphological analysis due to the constant transferring of the sample to fresh
medium. It is suggested that there was epiphytic growth at some stages as algal mats vary in
species composition, architectural structure, and physiological characteristics in natural
environments (Saunders et al. 2012) such as in Plate 6 of Cladophora which was collected in the
summer of 2017 from Lake Okoboji, Iowa. Dominant epiphytes of Cladophora are of Cocconeis
pediculus Ehrenberg, C. placentula Ehrenberg, Diatoma vulgaris Bory, Rhoicosphenia
abbreviata (Agardh) Lange-Bertalot, and undetermined Gomphonemoid and Cymbelloid
diatoms. Similar compositions have also been observed on Pithophora, but the relative
abundance is slightly less than the relative abundance on Cladophora as initially described by
Fritsch (1907), Mason (1965), and Saunders et al. (2012). Sweat and Johnson (2013) indicated
that this is due to the texture of the cell wall of the substrata. As a result, the increased roughness
of the cell wall of Pithophora may hinder cell motility and surface colonization of epiphytic
diatoms in comparison to Cladophora.
4.2 New Schematic of the Asexual Reproduction
Asexual reproduction in Pithophora has been described multiple times but has not yet
been fully illustrated in literature. Based on previous descriptions (Section 1.3.1) and few, partial
illustrations, a newly developed and complete schematic of the asexual reproduction of
Pithophora is proposed (Figure 2). Figure 2 depicts four general steps in the asexual
reproduction of an intercalary akinete, although this is also the same process for an akinete of a
different position along the thallus. Each vegetative cell within the thallus is capable of
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developing an akinete that is richer in chlorophyll-colored protoplasm with the lower part
remaining as a vegetative cell, the subapical cell (Figure 2: Step 1). The germination of an
akinete begins with the dissociation of the vegetative cells on each end of the akinete (Figure 2:
Step 2). As a parting cell wall is developed within the akinete, the reproductive cell divides into
two vegetative daughter cells, the upper cauloid cell and lower rhizoidal cell (Figure 2: Step 2 to
Step 3). In forming a new filamentous thallus, the cauloid cell divides into two daughter cells
with the upper part elongating apically to form a new cauloid cell (Figure 2: Step 3 to Step 4).
Further successive elongations and divisions of the apical cauloid cells occur in the same manner
to eventually form a new thallus (Figure 2: Step 4 to Step 1).
4.3 Objective 1: Morphological Analyses of the Vegetative and Reproductive Organs
The morphological characters observed suggested that the monospecific, filamentous
community was a species of Pithophora. This inference was based on: (1) absence of rhizoidal
cells, zoospores, and zygotes, (2) presence of numerous akinetes, solitary or in a series, (3) long
vegetative cells of variable lengths with the apical cells being greater in length, (4) vegetative
cells that lacked pigmentation to almost being colorless, (5) irregular branches, and (6) branches
developed a space below the cell wall of the subapical cell. Four Pithophora species from eleven
described species, five of which are present in North America, were descriptive of the
monospecific, filamentous community in this study based on the presence of heterosporous
intercalary akinetes as the most important character (Collins 1909; Prescott 1962; van den Hoek
1959; Wittrock 1877). All of the intercalary akinete of P. varia Willie, P. polymorpha Wittrock,
P. zelleri Wittrock, and P. roettleri (Roth) Wittrock are either cylindrical, cask-shaped, or
irregularly shaped. Due to few unrecorded descriptions, the species from the aforementioned
studies do not contain measurements for all of the following organs of Pithophora and are
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reported as either averages or ranges. Some descriptive measurements of organs are varied
between authors and are incomplete by a single author.
From the four studies, Pithophora is described in greater details by van den Hoek (1959)
and Wittrock (1877): P. roettleri (Roth) Wittrock, P. polymorpha Wittrock, and P. zelleri
Wittrock. All species originated from Asia but P. roettleri (Roth) Wittrock and P. polymorpha
Wittrock are suggested to be tropical species whereas P. zelleri Wittrock is a subtropical species
(Wittrock 1877). Although these species consist of heterosporous intercalary akinetes, the
characteristics of the vegetative and reproductive organs of each species are slightly varied. In
general, P. roettleri (Roth) Wittrock has considerably greater dimensions and stronger
ramification as there are rarely branchless vegetative cells in comparison to all Pithophora
species. Within the three species, the order of increasing to decreasing dimensions and
ramifications are as followed: P. roettleri (Roth) Wittrock, P. zelleri Wittrock, and P.
polymorpha Wittrock.
Pithophora varia Willie, P. polymorpha Wittrock, P. zelleri Wittrock, and P. roettleri
(Roth) Wittrock have intercalary akinetes that range from cask-shaped to cylindrical to irregular.
Whereas P. polymorpha Wittrock has a lower abundancy of irregularly shaped akinetes,
irregularly shaped akinetes are less common in P. roettleri (Roth) Wittrock (van den Hoek 1959;
Wittrock 1877). Very similarly, the terminal akinetes are either cask-shaped or cylindrical with
an obtusely pointed or rounded tip. Whereas the terminal akinetes of P. roettleri (Roth) Wittrock
and P. polymorpha Wittrock assume both shapes, P. zelleri Wittrock only assumes cask-shaped,
terminal akinetes (van den Hoek 1959; Wittrock 1877). Furthermore, the four species are capable
of developing pairs of akinetes besides solitary akinetes. Multiple series of variously shaped
intercalary and terminal akinetes have been observed in P. roettleri (Roth) Wittrock with a
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maximum of seven akinetes in a row (Skinner and Entwisle 2004), as seen in this study.
Additionally, pairs of P. roettleri (Roth) Wittrock akinetes are frequently developed in the
intercalary and terminal cells of branches (Wittrock 1877). Pithophora zelleri Wittrock has an
extraordinary pair of akinetes that are distinguishable from all the other Pithophora species. As a
rule, twin akinetes within the principal filament assume two shapes with the upper akinete as
cask-shaped and the lower akinete with a cylindrical shape (van den Hoek 1959; Wittrock 1877).
The average length of the intercalary akinetes of the monospecific, filamentous
community is 226 ± 3.50 µm with a range of 188-250 µm which is more comparable to the
lengths of P. polymorpha Wittrock, P. zelleri Wittrock, and P. roettleri (Roth) Wittrock than to
P. varia Willie. The average of the monospecific, filamentous community is equivalent to P.
roettleri (Roth) Wittrock whereas the average length of P. polymorpha Wittrock and P. zelleri
Wittrock is 157 µm and 232 µm, respectively, with a greater average difference between P.
zelleri Wittrock at 59 µm (Wittrock 1877). Although the average length of P. zelleri Wittrock is
relatively close the average length of the monospecific, filamentous community, it does not fall
within the standard error of the average length between 222.5-229.5 µm. The ranges for P.
roettleri (Roth) Wittrock as described by Collins (1909), P. polymorpha Wittrock and P. zelleri
Wittrock by van den Hoek (1959), and P. varia Willie by Collins (1909) and Prescott (1962) are
as followed: 140-260 µm, 114-286 µm, 140-290 µm, and 70-240 µm. Despite the range of the
monospecific, filamentous community being within the ranges of all four species, the average
length and range of the monospecific, filamentous community is most comparable to the
descriptions of P. roettleri (Roth) Wittrock.
The intercalary akinetes of the monospecific, filamentous community have an average
diameter and range of 125 ± 3.07 µm and 100-150 µm, respectively. The average diameter of the
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monospecific, filamentous community is incomparable to the average description of P. roettleri
(Roth) Wittrock (152 µm), P. polymorpha Wittrock (104 µm), and P. zelleri Wittrock (144 µm)
by Wittrock (1877) as they do not fall within the standard error of the diameter. The ranges for P.
roettleri (Roth) Wittrock described by Collins (1909), P. polymorpha Wittrock and P. zelleri
Wittrock by van den Hoek (1959), and P. varia Willie by Collins (1909) and Prescott (1962) are
as followed: 80-190 µm, 39-160 µm, 39-160 µm, and 60-112 µm. As a result, the range of the
monospecific, filamentous community lies between the ranges of P. roettleri (Roth) Wittrock
and P. polymorpha Wittrock in spite of the inconclusive comparison of the average diameters.
Less important as a taxonomic character to the intercalary akinetes of Pithophora, the
terminal akinetes of the monospecific, filamentous community have an average length and range
of 233 ± 1.03 µm and 198-258 µm, respectively, and an average diameter and range of 117 ±
3.48 µm and 95-140 µm, respectively. Length wise, the average and range of the monospecific,
filamentous community are comparable to the length ranges of P. roettleri (Roth) Wittrock as
described by Collins (1909) as 210-250 µm and Wittrock (1877) as 212-246 µm and P.
polymorpha Wittrock as described by van den Hoek (1959) as 143-261 µm. In contrast, the
length of P. polymorpha Wittrock as described by Wittrock (1877) is 148-155 µm, P. zelleri
Wittrock is an average of 382 µm by Wittrock (1877), and P. varia Willie is 150-210 µm by
Collins (1909).
In regard to diameter, the range of diameter is significantly comparable to P. roettleri
(Roth) Wittrock at 88-150 µm (Wittrock 1877) and 90-150 µm (Collins 1909). Only P. zelleri
Wittrock is described with an average diameter of 132 µm (Wittrock 1877) whereas the range of
diameter between P. polymorpha Wittrock and P. varia Willie are relatively close to one
another. Pithophora polymorpha Wittrock is described with a range of 63-95 µm and 54-89 µm
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(Wittrock 1877; van den Hoek 1959) and P. varia Willie with a range of 64-69 µm (Collins
1909). However, the range of diameter is significantly comparable to P. roettleri (Roth) Wittrock
at 88-150 µm (Wittrock 1877) and 90-150 µm (Collins 1909). Therefore, the length and diameter
of the terminal akinetes of the algal sample are most descriptive of P. roettleri (Roth) Wittrock.
Insignificantly contributing as a taxonomic character, the average diameter of the
principal filaments is 146 ± 5.92 µm ranging from 120-182 µm. Compared to the descriptions of
the previously mentioned organs, the size of the principal filament of Pithophora is infrequently
recorded. The average diameter falls in between the averages of P. roettleri (Roth) Wittrock and
P. zelleri Wittrock. Collins (1909) and Wittrock (1877) both described P. roettleri (Roth)
Wittrock with an average of 165 µm whereas the average of P. zelleri Wittrock is 120 µm
(Wittrock 1877) and are followed by P. polymorpha Wittrock at 105 µm (Wittrock 1877). The
range of diameter for P. zelleri Wittrock (van den Hoek 1959) is comparable to the
monospecific, filamentous community at 90-180 µm and irrelevantly to P. polymorpha Wittrock
(van den Hoek 1959) and P. varia Willie (Collins 1909; Prescott 1962) at 35-114 µm and 75-105
µm, respectively. Although the range of diameter for P. roettleri (Roth) Wittrock is unrecorded,
the principal filament of the monospecific, filamentous community can be indicative to the
principal filament of P. roettleri (Roth) Wittrock and P. zelleri Wittrock.
This quantitative analysis revealed that the monospecific, filamentous community is
frequently comparable to P. roettleri (Roth) Wittrock, P. polymorpha Wittrock, and P. zelleri
Wittrock depending on the individual size of the cells studied. Although P. varia Willie has
heterosporous, intercalary akinetes, it is the least similar to the monospecific, filamentous
community. Collectively, the length and diameter of the intercalary akinetes and terminal
akinetes along with the width of the principal filament are most descriptive of P. roettleri (Roth)
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Wittrock. Additionally, based on the shape and arrangement of the intercalary and terminal
akinetes, P. roettleri (Roth) Wittrock is most descriptive of the monospecific, filamentous
community as: (1) intercalary akinetes assume three shapes in abundance, (2) terminal akinetes
also assume three shapes in abundance, and (3) intercalary akinetes are in multiple rows (e.g.
Plate 3).
4.4 Objective 2: Molecular Analyses
The molecular phylogenies of Boedeker et al. (2012) indicated five species that were
shown to have different systematic affiliations resulting in nomenclatural changes. Two newly
described genera were revealed as: (1) Aegagropilopsis from Cladophora clavuligera Grunow
and Cladophora sterrocladia Skuja and (2) Pseudocladophora from Cladophora horri C. Hoek
and Cladophora conchoperhia Sakai. Wittrockiella calcicola (F.E. Fritsch) Boedeker was also
reclassified as being a basionym to Cladophorella calcicola F.E. Fritsch. Therefore, in the trees
of the present study, taxa are labelled with their reclassified name (listed in Table 5).
The reconstructed phylogenetic trees of the novel LSU and SSU gene markers used were
under the assumption that: (1) there will be a consensual identification of the monospecific,
filamentous community across all dataset analyses which will determine if the gene markers
were also correctly assembled, and (2) they will be clustered within the Pithophora clade as
classified by Boedeker et al. (2012), according to the morphological identification of the
monospecific, filamentous community. When comparing the concatenated LSU-SSU
phylogenetic tree of Boedeker et al. (2012) to the most resolved concatenated LSU-SSU tree
(Figure 5), the branching order of the taxa within the clades are similar with varying support but
the trees differ in topologies. Both trees revealed that Aegagropila, Aegagropilopsis, and
Pithophora have descended from a more recent common ancestor. However, from Boedeker et
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al. (2012), Aegagropila and Aegagropilopsis show a sister relationship instead but with no
support unlike the weak or good support between Aegagropila and Pithophora in Figure 5.
Additionally, Boedeker et al. (2012) shows that Basicladia and incertae sedis are
descendants of a more recent common ancestor than to Wittrockiella. Dissimilarly, the tree of
Figure 5 revealed that Basicladia, incertae sedis, and Wittrockiella could have diverged from a
single common ancestor (Figure 5). The discrepancies between the tree topologies of these two
studies are a result of the comparison with the additional novel sequences in the dataset analyses.
Furthermore, the analyses of Boedeker et al. (2012) consist of partial sequences while the novel
sequences are the complete LSU and SSU sequences of the monospecific, filamentous
community. These partial sequences can also account for the relationship between Aegagropila
and Pithophora to their next closest neighbor in all the trees from the present study.
Additionally, Basicladia okamurae (Ueda) Garbary and Basicladia ramulosa Ducker remain as
incertae sedis due to their ambiguous relationship among the taxa of the other clades.
4.4.1 Analyses of the Novel Sequences
All of the phylogenetic trees inferred the relationship of the LSU and SSU novel
sequences to the eight clades of Aegagropila, Aegagropilopsis, Basicladia (Arnoldiella),
Cladophora, incertae sedis, Pithophora, Pseudocladophora, and Wittrockiella. Despite the
shared morphological characteristics between Pithophora and Cladophora, the phylogenetic
trees confirmed that the molecular data between the two genera are distinctive as their
corresponding taxa are evolutionary grouped within different clades. As a result, the novel
sequences are consensually revealed to be classified within the monophyletic group of
Pithophora and therefore it is a species of the genus.
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Pithophora roettleri (Roth) Wittrock and Pithophora cf. polymorpha Wittrock
(recognized as Pithophora roettleri (Roth) Wittrock) are two identified species of Pithophora
that were used in the phylogenetic analyses. All LSU trees (Figure S1-S3), the SSU ML tree
(Figure S4), and the concatenated LSU-SSU ML tree (Figure S7) show that the molecular data of
the novel sequence is equivalent to that of Pithophora roettleri (Roth) Wittrock. Although the
support for the SSU and concatenated LSU-SSU analyses are not evident, the support of the LSU
analyses for this relationship is good for the ML tree and strong for the MP tree whereas there is
no support for the BI tree. Because the Pithophora clades in Figure S5-S6, and S8-S9 are poorly
resolved, the clades are collapsed into polytomies. An incongruity to this is that the SSU tree
(Figure S5) revealed the novel sequence to be more distantly related when compared to the three
Pithophora taxa. Additionally, Figure S4 and S7 revealed that Pithophora cf. polymorpha
Wittrock has a closer relationship to Pithophora sp. Kamigori. Based on these phylogenetic tree
results, the monospecific, filamentous community is suggested to be identified as Pithophora
roettleri (Roth) Wittrock.
4.4.2 Nature of Cladophora
Cladophorales originated from marine environments but with many species that are also
present in freshwater environments which indicated that this algal group adapted to freshwater
environments throughout multiple events (Hanyunda et al. 2002). As a result, Cladophora is one
of the largest genera of green algae with many taxonomic revisions since its first description by
van den Hoek in 1963 (Boedeker et al. 2016). Furthermore, previous molecular studies have
shown that Cladophora does not exist as a monophyletic group since all of its species are not
grouped together in one clade but are spread throughout many clades instead (Hanyuda et al.
2002; Boedeker et al. 2012; Boedeker et al. 2016). Therefore, numerous studies, such Leliaert et
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al. (2013) and Hanyuda et al. (2002), have indicated that Cladophora is polyphyletic. However,
the genus exist as a monophyletic clade in the present study as the taxa of the clade were
predetermined in Boedeker et al. (2012). Nonetheless, this polyphyletic nature of Cladophora
may be explained by the few proposed nomenclatural changes within the genus, including
synonyms, that were initially based on morphological or ecological data (Boedeker et al. 2012).
4.5 Objective 3: Consensual Species-level Identification
The consensual species-level identification of the monospecific, filamentous community
by incorporating a polyphasic approach was confirmed as P. roettleri (Roth) Wittrock. Based on
the analysis of the morphological characters using taxonomic keys, the monospecific,
filamentous community was identified as a Pithophora species by characters of its vegetative
and reproductive organs and as P. roettleri (Roth) Wittrock by the size and shape of it intercalary
akinetes, terminal akinetes, and principal filament. Although there were some discrepancies in
the molecular analyses, the novel sequences were classified within the monophyletic clade of
Pithophora. The majority of all inference analyses suggested that the monospecific, filamentous
community is P. roettleri (Roth) Wittrock.
At present, there are few molecular data of this genus available in GenBank with the
majority of them centered on only one gene marker, SSU. The molecular data available from the
LSU gene markers are only of partial sequences. Additionally, these sequences are from
unidentified species of Pithophora. It is suggested that these sequences were identified to genuslevel solely based on previously published, molecular analyses that were not preceded by
detailed morphological identification (e.g. Boedeker et al. 2016; Hanyuda et al. 2002).
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5. Conclusion
The present study represents the first population ecology research of P. roettleri (Roth)
Wittrock in Georgia, USA. The monospecific, filamentous community collected along the
Ogeechee River was identified to species-level in comparison to previously published taxonomic
classification and molecular data. Further advancements in molecular data preceded by detailed
morphological identifications is suggested to aid in differentiating species of Pithophora, or
other genera, based on individual genomes despite the overlapping phenotypic plasticity in
morphological characters. As a result, this comprehensive study enhances the understanding of
the population ecology of P. roettleri (Roth) Wittrock and its implication in assessing the water
quality of the Ogeechee River that may promote growth and shift community composition and
diversification. Detailed morphological descriptions, developmental stages, and life history are
reported here for the first time and can be used in ecological monitoring.
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Figure 1: Map view of the study site along the Ogeechee River in Jewell, GA noted by a red
star. 1 (33° 17’ 25.548” N, 82° 46’ 56.46” W) and 2 (33° 17’ 40.812” N, 82° 45’ 45” W) used as
reference sites to the study site (Source: Google Maps; accessed January 4, 2019).
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Figure 2: Schematic of the asexual reproduction of Pithophora. (Step 1) A vegetative cell
capable of forming an akinete. (Step 2) Initiation of forming a new filamentous thallus when the
vegetative cells on both ends of the akinete dissociate. (Step 3) The akinete gives rise to the
cauloid and rhizoidal cell with the cauloid cell dividing. (Step 4) The cauloid cell elongates and
further divides until a new thallus again is formed as in Step 1.
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Figure 3: The most resolved LSU tree (BI) inferred with the novel sequence shown in bold. The
bootstrap values of ML and MP and posterior probabilities of BI greater than 0.50 are given
above each branch as (ML/MP/BI). Branches with 1.00/1.00/1.00 support values are noted with
stars. Hyphens (-) indicate a branching order that does not exist for that particular inference
method.
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Figure 4: The most resolved SSU tree (ML) inferred with the novel sequence shown in bold.
The bootstrap values of ML and MP and posterior probabilities of BI greater than 0.50 are given
above each branch as (ML/MP/BI). Branches with 1.00/1.00/1.00 support values are noted with
stars. Hyphens (-) indicate a branching order that does not exist for that particular inference
method.
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Figure 5: The most resolved concatenated LSU-SSU tree (ML) inferred with the novel sequence
shown in bold. The bootstrap values of ML and MP and posterior probabilities of BI greater than
0.50 are given above each branch as (ML/MP/BI). Branches with 1.00/1.00/1.00 support values
are noted with stars. Hyphens (-) indicate a branching order that does not exist for that particular
inference method.
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Figure S1: The LSU ML tree based on the majority rule (50%). Bootstrap values (1,000
replicates) are indicated above the branches. Branches with 1.00 BP support values are noted
with stars. Support values lower than 0.50 are not shown.
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Figure S2: The LSU MP tree based on the majority rule (50%). Bootstrap values (1,000
replicates) are indicated above the branches. Branches with 1.00 BP support values are noted
with stars. Support values lower than 0.50 are not shown.
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Figure S3: The LSU BI tree based on the majority rule (50%). Posterior probabilities (1,000,000
generations) are indicated above the branches. Branches with 1.00 PP support values are noted
with stars. Support values lower than 0.50 are not shown.
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Figure S4: The SSU ML tree based on the majority rule (50%). Bootstrap values (1,000
replicates) are indicated above the branches. Branches with 1.00 BP support values are noted
with stars. Support values lower than 0.50 are not shown.
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Figure S5: The SSU MP tree based on the majority rule (50%). Bootstrap values (1,000
replicates) are indicated above the branches. Branches with 1.00 BP support values are noted
with stars. Support values lower than 0.50 are not shown.
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Figure S6: The SSU BI tree based on the majority rule (50%). Posterior probabilities (1,000,000
generations) are indicated above the branches. Branches with 1.00 PP support values are noted
with stars. Support values lower than 0.50 are not shown.
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Figure S7: The concatenated LSU-SSU ML tree based on the majority rule (50%). Bootstrap
values (1,000 replicates) are indicated above the branches. Branches with 1.00 BP support values
are noted with stars. Support values lower than 0.50 are not shown.
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Figure S8: The concatenated LSU-SSU MP tree based on the majority rule (50%). Bootstrap
values (1,000 replicates) are indicated above the branches. Branches with 1.00 BP support values
are noted with stars. Support values lower than 0.50 are not shown.
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Figure S9: The concatenated LSU-SSU BI tree based on the majority rule (50%). Posterior
probabilities (1,000,000 generations) are indicated above the branches. Branches with 1.00 PP
support values are noted with stars. Support values lower than 0.50 are not shown.
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Plate 1: Macroscopic view of the algal culture with darkening cells along the filaments being
characteristic of akinetes. Taken November 12, 2018.
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Plate 2: Characters of principal filaments. (A-B) 400x magnification. (C-D) 100x magnification.
(A) Single, parietal layer of chlorophyll granules. (B-D) Formation of intercalary akinetes on the
upper end of vegetative cells. (D) Intersperse akinetes. Scale bar = 10 µm.
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Plate 3: Mature, heterosporous akinetes of the principal filament or of germinated branches at
100x magnification. (A-B, E-F) Intersperse akinetes. (B-D, F) Rows of akinetes. (F) Terminal
cells bearing triple akinetes. (E-F) Akinetes with germinating branches bearing akinetes. Scale
bar = 10 µm.
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Plate 4: Terminal akinetes with variable shapes and sizes divided with or without a transversal,
parting cell wall. (A-E) 400x magnification. (F-L) 100x magnification. (A) Net-like chloroplast.
(K-L) Twin akinetes of the terminal cell. Scale bar = 10 µm.
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Plate 5: Germination of an intercalary akinete of the principal filament divided with or without a
transversal, parting cell wall. (A) 400x magnification. (B-E) 100x magnification. (A-D)
Interrupted germination of a branch process with an akinete forming within the same cell with
some of the upper end of the akinetes assuming a beak-like process. (E) Germinated branch at a
45º angle with the upper end of the branch process transformed into an akinete. Scale bar = 10
µm.
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Plate 6: Epiphytic diatom assemblages on Cladophora sp. (A-B) At 100x magnification. (C-D)
At 400x magnification. Scale bar = 10 µm.
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Table 1: GenBank accession numbers of sequences used from previously published taxa under
the appropriate tree clades (modified from Boedeker et al. 2012). / = no information
Taxon
Aegagropila
Aegagropila linnaei Kützing

LSU

SSU

EU655697.1
EU655701.1

FR719925.1
FR873098.1

FR719939.1
FR719940.1
/

FR719927.1
FR873099.1
AB062711.1

/
FR719947.1

AB062712.1
FR719934.1

FR719946.1

AB078730.1

AM503433.1
AJ544764.1
AJ544760.1

Z35317.1
Z35319.1
AB062710.1

incertae sedis
Basicladia okamurae (Ueda) Garbary
Basicladia ramulosa Ducker

FR719949.1
FR719948.1

FR719936.1
FR719935.1

Pithophora
Pithophora sp. ‘Kamigori’
Pithophora cf. polymorpha Wittrock
Pithophora roettleri (Roth) Wittrock

/
FR873096.1
FR719942.1

AB062713.1
FR873097.1
FR719930.1

Pseudocladophora
Cladophora conchopheria Sakai
Cladophora horii C. Hoek et. Chihara

FR719951.1
AJ544728.1

AB062705.1
AB078731.1

GU384873.1

GU384872.1

FR719944.1
GU198503.1

FR719932.1
GU198502.1

FR719943.1

FR719931.1

Aegagropilopsis
Cladophora clavuligera Grunow
Cladophora sterrocladia Skuja
Cladophora sp. ‘Tateyama’
Basicladia (=Arnoldiella)
Arnoldiella conchophila V.V. Mill.
Basicladia cf. chelonum (Collins)
W.E. Hoffm. et. Tilden
Basicladia kosterae (C. Hoek) Garbary
Cladophora
Cladophora albida (Nees) Kützing
Cladophora rupestris (Linnaeus) Kützing
Cladophora vagabunda (Linnaeus)
van den Hoek

Wittrockiella
Wittrockiella amphibia (Collins)
Boedeker et. G.I. Hansen
Cladophorella calcicola F.E. Fritsch
Wittrockiella layallii (Harvey)
C. Hoek, Ducker et. Womersley
Wittrockiella sp.
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Taxon
Outgroup taxa
Trentepohlia sp.
Ulva fasciata Delile
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LSU

SSU

FR719952.1
AJ544726.1

FR719938.1
AB425964.1

Table 2: Summary of datasets and models.
LSU
21
22
2
3348/640
T92 + G1
HKY85 +
Gamma3
1
T92: Tamura 3-parameter; G: gamma distribution
Alignment
Taxa
Taxa plus novel sequence
Outgroup taxa
Alignment length/analyzed length
Model estimated (ML/MP)
Model estimated (BI)

SSU
24
25
2
1811/1680
K2 + I + G2
HKY85 +
Invgamma4

2

K2: Kimura 2-parameter; I: invariant sites; G: gamma distribution

3

HKY85: Hasegawa-Kishino-Yano, 85; Gamma: gamma distribution

4

HKY85: Hasegawa-Kishino-Yano, 85; Invgamma: inverse gamma distribution
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LSU–SSU
24
25
2
2325/2325
K2 + I + G2
HKY85 +
Invgamma4

Table 3: DNA concentration and absorbance.
Sample #
1
2

Concentration (ng/µL)
36.3
63

Absorbance 260/280
1.72
1.79

94

Volume (µL)
100
100

Table 4: Plastid and mitochondrial gene markers sequenced from the present study (modified
from Howe et al. 2008 and Yang et al. 2015).
Function
ATP synthase

Gene

Organelle

atpA
atpB
atpH

Plastid
Plastid
Plastid

petA
petB

Plastid
Plastid

cox1

Mitochondria

psaA
psaB

Plastid
Plastid

psbA
psbB
psbC

Plastid
Plastid
Plastid

rbcL

Plastid

Cytochrome b6f complex

Cytochrome c oxidase subunit
Photosystem I

Photosystem II

Rubisco
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Table 5: Reclassification of species name (reported from Boedeker et al. 2012).
Previously Published Name
Aegagropilopsis
Cladophora clavuligera Grunow
Cladophora sterrocladia Skuja
Pseudocladophora
Cladophora conchopheria Sakai
Cladophora horii C. Hoek et. Chihara
Wittrockiella
Cladophorella calcicola F.E. Fritsch

Reclassified Name
Aegagropilopsis clavuligera (Grunow) Boedeker
Aegagropilopsis sterrocladia (Skuja) Boedeker
Pseudocladophora conchopheria (Sakai)
Boedeker
Pseudocladophora horii (C. Hoek et. Chihara)
Bodeker
Wittrockiella calcicola (F.E. Fritsch) Boedeker
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Appendix 1: Complete nuclear gene markers sequenced from the present study.
Nuclear Gene Marker
18S
ACCTGGTTGATCCTGCCAGTCGTGATATGCTTGTCTCAAAGATTAAGCCATGCATG
TGTAGGTATAACCGATTATACCGGAAAACTGCGAATGGCTCGGTAAATCAGTTAT
AGTTTATTTGATGGTGCTGACTACTCGGATAACCGTAGTAACGCTAGAGCTAATAC
GTGCGGAAATCCCGACTCTAGGAAGGGACGTATTTATTAGATAAAAGGCCGACCG
GGCTTGCCCGATCTGAGCTGAATCATGGTAACTTCACGGATTGCACGGCCTTGTGC
CGGCGACGTGTCATTCAAGTTTCTGCCCCATCATGGTTTCGACTGTAATGTATTGG
ATTACAGTGCCGATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGCG
CCTGAGAAATGGCGACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCAA
TCCCAACTCAGGGAGGTAGTGACAAGAAATAACAATGCGGAGCCAAAGGTTCTGC
AATTGGAATGAGTACAATTTAAACCACTTAACGAGTACCTATTGGAGGGCAAGTC
TGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCG
ATTAAAAAGCCCGTAGCTGAACCTCGGGCATACCCGGACGGTCCGCCTTAGGGTG
TGTACTGTCTCGGGTTGCCTTTCTGCTCGGGACCGTATCCTTGCATTTACTTGCCGG
GAACGGGACCTAGCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCCTT
TGCTCTGAATACACTAGCATGGGATAACACGACATGACCGATGGTCTATCTTGTTG
GCCTGTAGACCCGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTC
GCTGTCAGAGGTGAAATTCTTGGATTTGCGAAAGACGAACTACTGCGAAAGCATT
TGTCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTA
GATACCGTCGTAGTCTCGACCATAAACGATGCCAATTAGGGATCGGAGGGCGGTT
TATTTATGCCTCCTCCGGCACCTTCCGCGAAAGCAAAATCTATGGGCTTCGGGGGG
AGTATGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCACCAGGC
GTGGAGCCTGCGGCTTAATTTGACTCAACACGGGAAAACTTACCAGGTCCAGACA
AAATTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATG
GCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGATTCCGGTAACGGACGAGACC
CCAACCTACTAACTACGCTCTAGCTGATTCCCAGCTAGCTAGCTTCTTAGAGGGAC
TCTCGGTGTTGAGCCGATGGAGGTGGGGCAATAACAGGTCTGTGATGCCCTTAGA
TGTCCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCTACCCTTGTCCG
AGAGGACTGGGTAATCTGAGAAACTGCATCGTGATGGGGCTAGATTATTGCAATT
ATTGATCTTCAACGAGGAATGCCTAGTAAGCGCGAGTCATCAACTCGCGTTGATT
ACGTCCCTGCCGTTTGTACACACCGCCCGTCGCTCCTACCGATTGGGTGTGCTGGT
GAAATGTCCGGATTGGGAGGCTCCCCGGTCTCGGGGTGCCGCTCGAGAAGTGCAT
TGAACCCTCTCACCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAGGTGAAC
CTGCGGAGGGATCCAT
28S
CCTGAGTTCAGGCAGGGCCACCCGCTGAACTTAAGCATATCAATAAGCGGTGGAA
AAGAAACCAACAGGGATTCCCTTAGTAACGGCGAGCGAACAGGGAAGAGCCCAG
TATGAAAATCTCCAGCCTTTGGCTGGCGAATTGTAGTCTGGAGGAGCGCTCCCTGG
GTGGGTGCTGGCCGAAGTATACTGGAAGGTATCGCTATAGAGGGTGAGAGCCCCG
TAGGCCAGTTAACCCGTCCTTCACGGGACGCTTTCAAAGAGTCGCGTTGTTTGGGA
ATACAGCGCTAATTGGGTGGTAAACCCCATCTAAGGCTAAATACCAATGGGAGAC
CGATAGCGAAAAAGTACCTCGAGGGAACGATGAAAAGACCGCTGGCAAGCGAGT
97

AAAAGAGTGCATGAAATTGTGTAGCGGGAAGGGATGGCCTGGTAGCATGCGCCC
GGGTTGATGTGGTTCGCAAGAGCTGCTGTCTGCACTGGGTGCTGGCTGGTACCGG
CGCCCTTGGCCGTACAATACTCTGCTGAGGTGCAGAGCACTGCGGGCGAGGGTGC
CGAGGCTGATCAGTTGCTTTGCCCCTTCGGGGAGCTGCTCTGACAGGGTACCAGCT
GAAACCTGTCCATCTGCCCGTCTTGAAACACGGACCAAGGAGTCTAGCAAGTGCG
CGAGTCGGTGGGTGGAAAACCCATGAGGCGAAATGAAAGTAAAAGGTGGGACGG
CGCAAGCCGGCACCATCGGCCAACCATGAGCTTTTGTGAAAGGTTTGAGCATGAG
CGCAGCCGCTAGGACCCGAAAGATGGTGAACTATGCCTGTGCACGACGAAGCCGG
CGGAAACGCCGGTGGAGGTCGGTAGATGTGCTGACGTGCAAATCGCTTTTCAGAC
ATGGGTATAGGGGCGAAAGACTAATCGAACCATCTAGTAGCTGGTTTCCTCCGAA
GTTTCCCCCAGGAAAGCAGGGACTTATTCGCGGTTTTGTGCGGTAGAGCGAATGA
TTAGCGGTTACGGGGATGAAACATCTTCGGCCGATTCTCAAACTGCGTACGTGCA
AGACGCCCCCGTCGCTTAATTGGACGGGGGCATAGAACGCGAGTCCCTAGTGGGC
CATTTTTGGTAAGCAGAACTGGCGATGCGGGATGATCCGAAAGCTGGGTTAAGGC
GCCAAACTGCCCGCTAACCTAGACCCCACAAAGGGTGTTGGCTGATCCAGACAGC
AGGAAGGTGGTCATGGAAGTCGAAACCCTCTAAGGAGTGTGTAACAACTCACCTG
CCGAATCAGCTAGCCCCGAAAATGGATGGCGCTAAAGCGGGCGGCCTATACCCGG
CCATTGTGGCAAGTCGTATGCCTCAATGAGTAGGAGGACGCGGGGGTTGCTGCGA
AGCCTTGGGCGCGAGCCCGGGTGAAGCGGCCCCTGGTGCAGATCTTGGTGGTAGT
AGCAAATATTCAAATGAGAACTTTGAAGACTGAACGGGAGAAAGGTTCCATGTGA
ACAGCACTTGGACATGGGTTAGTCGGTCCTAAGAGATGGTTTAACTGCCTAGGGA
TGTGGCGCTCCGCCACGGCCATCGAAAGGGAAACGGGTTAAGATTCCCGTACCTG
GACGACGCGGATGACGGTAACGTGCACCTCTGCGGGGACGCCGGGGCAGGTCCG
GGAAAGAGTTGTCTTTTCTTTTTAACAGCCCGAAGGCCCTGGAATCGGATTATCCG
GAGATAGGGCTCAGAGGCTGGTAAAGCATCGCACGTCTCGCGATGTCCCGCGCGC
TTGCCACGGCCCCTGAAAACCCGTAGAGGCGGAATTCATTCACCGATGTCGCCAG
GCCGTACTCATAACCGCATCAGGTCTCCAAGGTGAGCAGCCTCTAGTCGATAGAA
CAATGTAGGTAAGGGAAGTCGGCAAAATGGATCCGTAAGTTCGCGATAAGGATTG
GCTCTGAGGGCTGGGCAGCGGGAGCCCTGCTTGGATGCACGGTGCCGCGGTGGGC
CTGCCGGAGCCTTCTGGGCAAAGGCGGGCTGCCGACGGCGACGCGCTGACGGGCA
GGGAGGGGTCTCGGCCCCACTTCCCCCTGCAACGAACAGCCGACTCAGAACTGGT
ACGGACAAAGGGAATCCGACTGTTTAATTAAAACAAAGCATCCCGACGGCGCTAA
CGCGTGTTGACGGGTTGTGATTTCTGCCCAGTGCTCTGAATGTCAAAGCGAAGAA
ATTCGACCAAGCGCGGGTAAACGGCGGGAGTAACTATGACTCTCTTAAGGTAGCC
AAATGCCTCGTCATCTAATTAGTGACGCGCATGAATGGATTAATGAGATTCCCACT
GTCCCTATCTACTATCTAGCGAAACCACAGCCAAGGGAACGGGCTTGGAACAAAC
AGCGGGGAAAGAAGACCCTGTTGAGCTTGACTCTAGTTCGACTCTGAGAAATGGC
TTAAGAGGTGTAGAATAAGTGGGAGCTCGCGCGCCGGTGAAATACCACTACTTTT
AACGCTATTTTTCTTACTCCGTAGCGTAGAGGCGGCCTTCCGGCCTCTTTTTAGCTC
CAAGCGCTGGCTCTGCCGGTGCAATCTAAGCGGAAGACAGTGTCAAACGGGGAGT
TTGGCTGGGGCGGCACATCTGTTAAACGATAACGCAGGTGTCCTAAGGGTTGCTC
AGCGGGAACAGAAATCTCGCGTAGAACAAAAGGGTAAAAGTGACCTTGATAGTG
GGACTTTCACGTCCACCTAATGTGAGAGCACGGCCTATCGATCCTTTAGCCTGTCG
GGGTTTGACGCTAGAGGTGCCAGAAAAGTTACCACAGGGATAACTGGCTTGTGGC
AGCCAAGCGTTCATAGCGACGTTGCTTTTTGATCCTTCGATGTCGGCTCTTCCTATC
ATTCTGACGCAGAAGTCAGAAAGTGTCGGATTGTTCACCCGCCAATAGGGAACGT
98

GAGCTGGGTTTAGACCGTCGTGAGACAGGTTAGTTTTACCCTACTGTTGGACAGCC
CCGCCATAGTAATCCGGCGCAGTACGAGAGGAACTGCCGGTTCGGGTATTTGGTA
ACGCCCTTGCCTGAAAAGGCAGTGGGGCAAAGCTAACACCCGTTGGCTAACAACT
GAACGCCTCTAAGTTGGAAGCCATGCTAGGAGCGGGGCTTTCTGCCCATGCACCG
TCACCCGTCTACTGATACGCCAGCCTTGTGCTTGGCGGAAGAGCAGTCTCCGGATC
CATCCTAATGGATTTTCCAACCGATGCGTGGGGTTAATCCTTTGCAGACGACTTAG
AACTGGCGGGGTATTGTAAGCAGTAGAGTGGCCTTGTTGCTACGATCTGCTGAGA
TT
5.8S
TAGAAACGCTACACAATGGATTTCTCGGCTCCCATAACGATGAAGAACGCAGCAA
AGCGCGCTAGGTAGTGTGAATTGCAGAATTCCGCGAATCATCGAATCTTTGAACG
CACATTGCGCCTGAGCCTCTTGGCTTGGGCATGTCTGCCTCAGCGTCGGTTT
ITS1
AGCAGACATAATGCTAAACCCCTTTCCCATGGGGGGTGGAGCGCTACTGGTTAGC
TCAGCCTTGGTTGTCTTCCGGTAGGCAGCTTCCCACCTAACCCTTGGCCTGTGCTG
CAACGGGTGTTGAGGCCGTGCAGATGCAGAGCCCCTTTCCTGTAGTAACCTTCCGC
TAAGGTCCCTTTGGGTTTCCCAAGTGCGGGCTGGAATGGTTACGGCCAGTGACCTT
AGCCAGGCACTGTCCCTTCGGGATGGTGCCTGGGCCCTGCTTGCTCTTGCCGCAAG
GCAGCAGCATCAGGGTGTTGCTGGCGATGGCCCTGCTTCGGCAAGGTGTCCATCA
ACACTAACCCAACCCTAACAGCTCCAAACAGCTAAGAAGGCGAGCCCGAGTGGCC
GTCATCTAACCCT
ITS2
AACCACTTGCTTTTCCGCAAAGGACTAAGCAGGCATGGCCCTTGCCGTGGCCTGA
CAATGCCTACCTTCCTCTGGGAGGGGGCCTTGGCTTGCCTGGCATCGGCTTATGAA
TGGATGGCTCTTCCGAGCTTGCGTGGCTTGGCTCCTGCCAGCAGCAAGTCTGGTGC
CTAACTTCAAAGGGCTGGATGGCACTAGTGCCGTACCTCCTTGAATGCTGGCGCTA
GTTTGCAACTTGGTCTGGTCCAATGCAAAGCGTCAAGCGGGCGGCCAGGAGGGCA
GCAGCCTGTTGTGGGGCTGCCAGCCGCCTGTCCAGCCATGGAAAGCCGTACCCTTT
GGCACCCAATGCCTTGGGTACTCCCCCCCAAACCTCGA
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Appendix 2: Complete plastid and mitochondrial gene markers sequenced from the present
study.
Plastid and Mitochondria Gene Markers
atpA
ATATTTCGAGCGAAGCGAGAACGCGGCCCCTATTCGCCGATCGAGCGACCGCCCG
TTAATGTTAGCCTACGCATGTTATTCCGGATTCATTATTAAAGAACCTTCACTCCTT
TGTCGAACCAATTCATTAGGTTTTCGTTTTAGGCCTCTTCACTATTTCATTAACTGA
TGGCATTATTTATTACATTGGGTCATTCAATTGGTTCTTCTCACTTAAACGCTTATT
CCATCTTCTAAGTTCATGTCGATTGTATGGTATTTGGTTCCACTATCTGGTTCTTTG
GATTATATTGTAGTTAGCAAAGTATATTACTCTTTCCTTCATGGTTAAGTGAAGCA
ATTATTCCAATATAGTTATTTCCTTCTATTGGACCTAGTTGTATGTATTTGGAGTTA
TGTTAAGTGTTCCTATTGCAATGTTTATTAAATGTTTAACTTCCTACATGTTGAGTT
AAATAGTTCCACAGTTCTTCAACATAGATCTAAGGTAATGGTTCTAGTAATTAGAC
TTTTATGTCCCATCTTCGTAATACTCTTCAATCTTCTGGAGTAACAATAGGATGAA
TTGCATTAATGTTATTAACAGGATTCTTCATACATTAGGCTTACTTCTAATGCTACT
TGGGAACACTTCTTTCGAAACCAGCTAGCTACATTGGGAGTCATACTAGTAAGAA
AGACGAGGAATGGCAATTGGAATTGGAAGTTTGCTCGCCGGTCCGCGCCAAGCGA
GGCAATGTTTGTCCGGTTATAGCTGTTAGTACCGTAGTGAGCATGGTCTAGTTCGA
TCTTTGTATTCCGTTCCTATGTACTATGTTAATTCTAAATCCATCTCTAAGGACTTA
TTCTATTTCCTAACATAATATGTTCCTAGTTCTTTATACAGTTCTCGTAACTAATAG
AACTTACTCTCTTCACATGGTTGTTCCTTCCAAGTTAGGATTATTCGTTCTAAGGAT
TAATGTTCCGGAGTTTATGTCCATTGGTTCTTAGGTACAAGACCGGAAGTAGTACC
TGAATTAGCTCTAACTTCTAACTAGTTCATTCTTCTTAATAGCATCTAGATCAGGA
ATAAGCTACTTGGGACAGGCCTGTCCAAACGAAGTGAGGTAATATTCTTGATAAT
AGTTAATTGAATAATGACTTCTTCTAATCTAAAAACGCTTTTCTCAAATCAATTAG
CAGGTGTAGATATGCCAAAACAAATTACTGATGTTGGTACAGTGGTATCTATTGGT
GATGGTATTGCTAGAATTTATGGTCTGGACGGCTGAATGGCAGGTGAACTATTAG
AGTTTGCTGATGGTACTTTAGGATTAGCTCTTAATTTAGAAACTAATTATGTTGGT
GTAGTTCTGTTTGCATCAACGATTAATGTTCGACTTAATGAAGGAGCTTTAGTAAG
AACTACCAGAACTGTAGCCCAAGTCTCTGTTGGCATTGGATACTGTGGTAGAATA
ATTAATGCTTTAGGTGAGCCAGTTGATGGGGCAGGTAGTTTTACAAATAACCTGA
ATGAAACTCGGTGATTAGAATCTCCTGCTCCTAGTATAATGCAAAGAGTGTCTGTA
CATGAACCTTTTGCAACTGGTTTAACTGCTGTAGATGCAATGATACCTATAGGAAG
AGGACAACGGGAATTAATTATCGGTGATCGTCAAACGGGTAAAACAACCGTAGCT
ATTGATTCAATAATTAATCAAGATAAATGAATCTGTGTTTATGTAGCTATAGGGCA
AAAAGCATCGACTGTTGCACAGATTGTTAATACACTTAAAAGATGTAATGCTATG
ACATCAACAATATTTATAATTAGTGGTGCGGATTGATCGGCTACACTTCAATTCTT
AGCTCCATACACAGGAGCAACATGTGCTGAATACTTTATGTATCGTGGTCAAGCT
ACTTGTACAATTTATGATGATTTAACAAAACATGCCCAGGGATATCGGGAAATGT
GACTATTGTTAAGAAGACCACCAGCACGAGAAGCTTATCCAGGTGATGTATTTTA
TTTGCATGCAAGACTTTTAGAACGCGCAGCTAAACTTAATTCTTCTCTGGGAAGCG
GATCTATGACATCTTTACCAATTGTTGAAACACAAGAGGGTGATGTATCGGCCTAC
ATTCCTACAAATGTTATATCAATTACTGATGGCCAGTTATTCTTCTCTTCAGTTCTT
TTCAATGCTGGTATTAGACCCGCTATAAATGTAGGAATCTCAGTTTCACGTGTTGG
100

ATCGGCAGCCCAACCAAAAGTCATGAAACAAGTAGCTGGTCAATTAAAACTTCAA
CTTGCCCAATTTGCAGAACTACAAGCGTTCTCTCAGTTTGCATCTGATTTAGATAT
TGCTACACAGAATCAATTGGCTAGAGGTCAAAGGCTACGAGAAATATTAAAACAA
CCTCCATCAGAGCCATATTCTGTAGCACAACAAGTTGCTTTAATTTATATTGGAAC
TAGAACTAATAGATTAGACAGCTTATCTTTATCAGAAGTTGGAACTTTAAAGAGA
TCAATTATTGATTCCGTTAGTAGTTCATCAAGTTTTATAATAAATGGTTCGTTAGA
CGTGAAAGAAATAGAAGAGTTTTTAAAAAGAGATCCAGTTGGTATTATTTTAACT
GTCAAGATTCTGGTATTATATTTTGCTTATAAGTCTAAAAAGAGCTTGGATTTATG
TATTAGGTTTGTGATTTGCTTAAAGCGAATTAGATTATAAAAAGATCGCCTTTAAA
TTGATTTTTGACTTGGCGCATCAAAATTGAAATAAAAAGTGGATTTCTAAAAAAG
ACTTGAGCTTACGAAAAAAGTTTCAAACAAAGAAAAATTAAAACGACGAATTTGC
GTTCATTTTATAGATCAAAATGTCACAATTCGTCGTTTAAACTTTTCGAAGTTTGC
AACTTCTTTCGTAAGCTCTAATCTTTTTCTAGAGGCCACTTTTTTGTTTAAAAATTA
ATAAACTTTGCCTTCAAAACTATTATTTGCTTAATAGAAACAATTCAGTGGAACTA
GAAACGTGAAAGAACAACTCCGGTTTCTAGAACTAGAAGTAGGAACTTACAACGG
ATGATGGTGAACCAAGAGCAATAGAAGAGCGAAAGTAATATTTGGTTTAGCGATT
AAATTCCTAATCAATCCTTGGTGGATCAAAAAAGAAATAATGAAACGTTATCATC
CCTAAGGTTCCAAGTAGATTATGTGGAAAATAGATTCTGTCCCTTTGGAATAACTG
AGCCATCAGAATATACTCATTAGGTCTTGTACACCCAAGAGCATCATAACTCCGA
ACCTGTACTTAGGAATCACCAACTCGGAACAAAGACAGCGAGACACTCCATTGCA
TGAAGAACCTAATAACGTTAATTAAAAACAATGTAAGGGAGGAATAATTGTTTTA
TTGAAAGAGCTACTTGGTAAGTATAATGAATGAATAGTTTCGGAATCATTACAAC
TGGAATATTACTCCACTAGGTTATTTGGAAAGGCAAAAACAACTGCGGAATTCAC
CTCTTCTTCATAAACCTAGAGAACCCGTTTAAATGGCTCTCAAAGCCCAATAGATA
CGTGATTCGTTTTTAATAGATCTTGGCAAAATCCACTTGCCGCCTTAAGTCCAATT
TATGTGTCAAATCATCCGTAAAGGCCTATCAAGTCGGGTGGAAGTAACAATAAAA
GTGTCGTTTCAAAAAGACCGGAAAAGTATGGTCAATGTACGATCGAAAACATAAA
CCCGCTAAATCACTGGGTGCATCAAAATTAAATTCCTTATAAAACCGTCTAGTATG
AATTTCGGTAATTCGCTCTTTTGGCCCAAGCAAGATTAACCGGCAATT
atpB
GAAGGGGAGAAGCGGCCCCATATTTGCCTGAAGCGAAGTCTCCGAGCTGTAATTC
TCTTTCCTTCTTGTTCTATTAGGACCGAGCTTTCCTTGAATGAGTCTTCATTAGAGT
TAATAGTACTTCTATCTTCTAATTAGGGTTCTTTCTATGTTATGCCTTTAGGATCTA
GAGTTATTTAAATAAAAAGAACATGAATTTATCTGTTTTACAGATTATAGGGCCTG
TCGTTGACATCCAAGAAACAATTCAATACAAAGTTCCATCAGCTGGTGTTTCATTG
TATGATTCAATAAATGTTAATGGAGTTACATGAGAAGTTCAACAATTATTGGGTG
ATGGAATAGTCCGTTCTGTAGCTATGAGTAGTACTGATGGTCTTAGGCGTGGAAAT
CCAGCTAACACATCTGGTAATCAAATGCATATATCAGTTGGAAATGGAACCTTGG
GGCGTATATTTAATGTATTAGGTGAACCAGTTGATGGTAAAGGACCCGTTAATTCA
GAAATTAGTATGCCTATTCATAGGGCCGCACCTTCTTTTATTGATTTAGATACAAA
CTTAGCCATCTTTGAAACTGGTATTAAGGTTGTAGACGCTTTAGCACCTTATAAAC
GTGGAGGGAAGATAGGCTTGTTTGGTGGTGCAGGCGTTGGTAAGACGGTATTTAT
AATGGAACTTATTAATAATATTGCTAAAGCTCATAGTGGAGTTTCAGTCTTTGGTG
GAGTTGGAGAACGTACACGTGAGGGTAATGATCTATACGTGGAAATGTGTGAATC
TAAGGTTATTGTTGCTGATAATCTCACACAATCAAAAGTAGCTTTAGTTTATGGTC
101

AAATGAATGAGCCTCCTGGTGCAAGAATGCGTGTTGGTTTATCTGCATTAACAGTA
GCAGAGCATTTTCGAGATGTAATACAACAAGATGTATTATTATTCATTGATAATAT
ATTCAGATTTGTACAAGCCGGAGCTGAAGTATCAGCATTATTGGGGCGTTTACCA
AGCGCTGTAGGGTATCAACCAACTTTGGCAACCGAAATGGGAAGCTTTCAAGAAC
GAATTACTTCCACAATTTCCGGATCTATAACTTCAATTCAGGCTGTTTATGTACCA
GCAGACGACATGACCGATCCAGCCCCAGCAACAACATTTATTCACTTAGATGCTA
CTACAGTACTATCTAGAGCATTAGCTGCTAAAGCTATTTATCCCGCAGTAGATGTA
TTAGATTCTACTTCAACAATGTTACAGCCTTGGATAGTTGGTAAAGAACATTATGA
ATGAGCTCAACAAGTTCAAGAAACACTTCAACGCTATAATCAGCTTCAAGATATA
ATAGCAATATTAGGTCTCGATGAATTATCAGAAGAAGATCGTTCTCTTGTATCACG
AGCAAGAAAGATTGAAAGATTCTTATCTCAACCATTCTTTGTAGCTGAATTCTTTA
CTAATAGTCCCGGAGCTTATGTTAAGTTGCAAGAAACTATATTTGGTTTAAACGAA
ATACTAAGTGGTAGTTTAGATAATATTAATGAAAATGAATTCTATTTAATAGGGTC
GTTAGATAAGATTATTAAAAAGACCGATAATTAGTTAGATTTTTAAACGATCGGA
AAATAATTTAAACGAAAAGTGGATTTCTAAAAAAGACTTGAGCCTGTGAACTTTG
TCGCAAACAAATAAAAGTCAATCCGAGCTCGTCGTGACTACTTTATAGAACGAAA
TGGTTGAAGAGCCCGGATTGACTTTTATTTGTTTGCGACAAAGTTCACAGGCTCAA
GTCTTTTTTCGGAAGCCACTTTTGAGTTTCAAAATTATTAACTTGGCCTCAATTTGT
GCTAGTAATCACGAAGTAGACCTAAATACGGTTTCCTATGAACTTGGTAATAGTA
GAAAGAGCTAAACCGGATATACAATTCAATAATACACATCGTGAATTAATAGAAC
TTAAAATCTAGCAAGCAAGAGCTAATAGATCTCAAATACACATGAAGTTAATCCC
ACAATGTACTTTTGAAGAACCAAGAGCATTTAATTAACAAAATGAGAATAAAGAT
GGTTAGACAGAATCTATATGAATAATCCAAGTAGCTATTAGAGTTCATAAATCCA
CCAGTATACACATTTGAATAATTACTCGTGCCTGGTAATGGAAGTGTTTTACCCAC
AATTGAAACTATACCCAACCTACTGGAGAAAGAAGTTATATCGGAAACCATTCTT
CTTGTTCGGGAATGAATTAAGAA
atpH
CGCGGCCCCTATTCGCCGATCGAGCGGCCGCCCGTTAATGTTAGCCTAAGCTTTAT
ATTCCTTTCATGTTCCAATAGATCGAGCGGATGCGAGATCTCAATAGATCCTCTAC
ATGCATACCTAAGTGCGAAGATCGGCGACGGCCGCCATATCTGAGGCGAAGCCGA
AGCGCGGCCCCTATTCGCCGATCGAGCGACGGGCAGGCCGAACGAAGTGAGGCA
AATGTTATACTTTCTTGTACAGATGAGGAACTTTAGTTCCGAAGCTTTCATTCTAA
TGTCCATGTTAGCCTAAGTGCGAAGATCGGCGACGGCCGCCATATTTGTTCCCGAA
GGGAACAACGCGGCCCCTATTCGCCGATCGAGCGACGGGCAGCAAATGTTCTTCC
TTTCATGTTCGTCTAATATGAGCGAAGCGAATAATCATGTTCATTATGTTAGCCTA
AGTGCGAAGATCGGCGACGGCCGCCATATCTGAGGCGAAGCCGAAGCGCGGCCC
ATATTCGCCGATCGAGCGACGGGCAGCTAAGGCGAAGCCGAAGCAAATGTATATG
GGGCGAGGAACGAGCTGAAGGCAAGGGCCGCCCTATTTCGACCCGAAGGGGAGA
AGCGGCCCCTTATTTGCCTTCAGCGAAGTGACGAGCCCACATGTTAGCCTAAGCAT
GTTAATTCCATTCTTAAATATACTCTGTAACATTGACGAACCAATTCTATTAGGTT
AGGTTTTAGGCCTCTTCATTATTTCGCTAATTGGTGCAGTTTTTCATATAAGTGGGT
AGTAACTGGATTCATTACATTAGTTCTTTATGGTCAAACCAACTACTTCTCTTTCAT
GTTTAAGTATGTCGATTGTATGGTAGTTGAACTGTTCCAATGTTTCTTCATGGAAT
GGTAATTATTTCCGACTATTTGGTTCTTAAACAAAACTACTAAACTTTATACATAA
TTTATATTCTATCTTCTTAGTACTAGATGACTGGTTGAGAAACTCTTTAAGCTTAAT
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CTCATTGGTCCTAGGTTTATCTATATGCATCTGTTTTAAAGTATGCAATGTGGTAGT
AGGTGCTGTATCTACGTCAGCAAATATATTTCATTCGGTCTTAGCTATTTGAAGTT
ATGAAACTGGTGGATCTTTTACTTGCTGTTTTATTATTGGTGATACGTGGGCACTT
ATTCATTTTCATAATGGTCTTTCTTTATTGGAATTTATGTTTATACAACTTGCAATA
GCAAGAACTATCAATCTTAGATCTAACACTATTGCATTCTCGTCACCAATAGCTAT
ATATTCTTTAGGGCAAGCTTCTTGGTTCTTTGCCCCAAGCTTTGGAGTTGCATTCTC
TCATAATCGCTGGTGACACTTCTTTATGTTACTTCTACCGGTGATTGGGTTTGTTAT
TCCAACTATTTGTATTAATGGATTAGCTTTCAACCTCCTTGTACATGGCTTTGTTTC
TCCAGAACTTCTGGCAGTACAAGATTACCTCATTCTATTATATGTTCCATTAGTGA
TTCGCTTGGCAAGCAATTATCACTCACATGAACGGTTAATCTTTCCTGAAGAAGTA
TTGCCGCATGTAGCGGAAGTTATAATCTTAATACTAAATGGCCGAGCTTTAGTGAA
GCAACATGTCAGCCTAAGAGCGATGATCGGCCAACGGCCGCCATATCTGAGGCGA
AGCCGAAGCGCGGCCCCTATTTGGCCGATCGAGCATAGCCCGCCTCGCGAAGGCG
AGGCAACTGATTGTCCAGTCTTATTCATTATTGTAGTTTCTAATCTCTAATATCGTC
CTAGTAGCATTCTAGTTATGTTTAAGAGTATTTAAAAGCGGGTATTCTTAGGATAA
CTCTTTAGTTAGATTAAATTATTTATCTTGTAAGTAGGATAATCTATTGAATCCTTA
TTACTATGGAAGCTATTACTCAAGCTGCATCAGTTTTAGCGGCTGCATTAAGTGTT
GGATTATCAGCAATTGGTCCTGGTATGGGTCAAGGTACAGCAGCCGGATATGCAG
TTGAAGGAATTGCACGACAGCCAGAAGCAGAAGGTAAGATACGTGGAGCTCTCCT
TCTATCATTTGCTTTTATGGAGTCACTTTGTATTTATGGCTTAGTTATTAGCTTATC
GATTCTATTTGCTAATCCGTTTGCTTAATTCCAATGCTAGTTTGTTAGTGGAATTTA
GAATTGTACCCGATTGTAAAGAATTTACTTTAAAGTCCGGAAAGTGCCACCGGAT
TTATGCTAGAGGTTTGTATTGAATTTTGCTGAAGGTAGATTATTAAAAGACTGCCA
ATGAATTGAAATTGTGACTTGGCGAATAAAATTGAATGAAAAGTTGTCTCCGAAA
AAAGATTAGAGCTTACGAAAGAAGTTTCAAACAAGAAAAGTTCTAAACGGCCCA
ACTACGGTTTTGTTCTATAAAAAAACCGTAGTTGGGCCGTTTAAACTTTTAGAAGT
TTGCAACTTCTTTCGTAAGCTCTAATCTTTTTCGGGACGCCACCTTTTTTGTTTACA
TTGATCAAAATTGCCTTCAAGATCAATAAAGAATTGGTTTAGCGATTAAATTCCTA
ATCGATCCTTGGTGGATCATAGAAAAATATATCAAACGTTATCACGCCTAAGGTTC
CAAGTAGATTATGTAGAAATAGAATCAAGAGTGTTTAGTTATCGACAGGAGCAAC
TTGGGAATAGAATTCCTCTTACACCTAGATCCAGGAAGTACAATGAATAGGTCAA
TCATACAAACTGGAATAGGAGTTACGACTAGAAGCAAAGTCCTATATGCGGGTTA
AGTCGCTATGAGATCCACCTTAGGAATCGATTTGCGAAAGGCAAAAAAACAACTT
CAAAATCCACCTCTTTTCATAAACCTAGATTTAACGGTTAAGTGTCTCGCAAAGCC
CAATAGAGACGTAATTCGTTTTGAATAGATCTAGGCAAAATCCACTTTCGCATCAA
GGCGCACTTTATGAATCAAATCCGATTTAAAGAACGATCAATTCGGGTGAAAGTA
ACAAAAAACCGAGGAGTCAATTCAAGATGTTTCGGAGGGTAATTGTACAGGATCA
AAAATAAACCAGCTGTATGACTGGGGGCATCAAAATTAAATTCCCTATAAAACCA
TCTAGTAGGAGTTTCAAAAATTCGCTCTTCTCGGCAAAAGCTAGATGAAGGTCAA
TTATCACACAAAGACCACATATATACTTGCTTCTTTGAGAGATCTTTTTAACCGGA
AGCTATGTTCGTGGAATTAGACTTAGGAAGCACAAATAGCCTTTACAGTAACTTTA
TAAATCTGGTCCATACGAAAACATTGATTCGGATTCCTCTGAGGGTAATTGTCCAT
GATCAAAAATAAAAGCCCTATTTCATTGACCATAGCAACATCATATTGCCACTAA
ACCCGTTCATAGCTCCATTTGCCGGATAGCTCTGTAATTAAGAAAGCCAGTTAAAT
ATAATTCCGAATAATCCAATTAATCTCTTTAAAGGCCTCGCAATCTTTTAACTTCTT
CTATTCCTATAAAACCGAAATAACAGCTTTGACTGGAATTAGCTTTTGAACTCGTG
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ATTTAGAAAGACGTGGATAATTATTTGCCGGACCCGCTATACTGAACGGAATAAG
CTGATTGGCTGCCGATCGAGACGAAGAATGAGTCCGAAGATCGGCGATCGCTTGG
CGATCTGTGGCGCAATGGTTTTGGGGGATCATGTTATAGGATATTATATTGGGCTA
GTTTTATTAAACTTGTTCTTTCTATTTATATAATTCCTCCGGATTTTAATAACATGT
TCAGCAGGGGTGGTGGGCGGGCAAGGATTGTGGCGAGGAGCGAAGAGAGGCCAA
GGGCCGCCCTATTTCGACCCGAAGGGGAGAAGCGGCCCCTTATTTGGCCTCTCGA
GCGACGAGCCACTGCATGTTAGCCTAAGCATGTTCTACTAGATCGAGCGGATGCG
AGATCTCGTTTTATATATTGTATGTTAGCCTAAGTGCGAAGATCGGCGACGGCCGC
CATATTTCGAGCGAAGCGAGAACGCGGCCCCTATTCGCCGATCGAGCGACGGGCA
GGCTATG
cox1
CACTACATCTTCATACCAGCGAAGAACGAGAGCAGGGAGTTCGAGCAATCCAATC
TGAGAGTCAGGTGGCATGTCCAATTCTGAAGGATTATGTGACTTGCCGAAGACGC
GTCACTTGGATAGAATAGGCCTTGTGGGGATTGTCATGTCATTATGTTGTATATGC
CATCTGTGTCTCTAGCGGAGACTATCTAGATGGCACCTCGTAATCTCAAATGGACA
GAAGAAGGCCTTGTCCGAGGGGGTATTCTGCCCCGGTGTGTGTTATCCTATCTATT
CAGAGGTGTCTCATGGCCAGATACGTGGCCGAGGAGACCCATTTCACGTGACACG
ATATCCTGAAATGCGACGGATTCTGAAATCAGATTGGTTGGAGGAGCACAGCGAC
GAGGCGCCTCACACATCATGACATCATACCATTCCTTCCGCTAGGCCTAACTTATC
CTATTTCTGAGTCTTCTGCAATCTGAGCTCCTTCGAGCTGGATGGCATCCATAATT
CAGAATTTCAAAATTCACACATTTTGTGTTGGTGGTAGTTGCCATCTAGCTACCCT
CAGATTGGGTAGGCGTCCAGATGGCATGTACTATTCAGAAAAATGTGGCCACAGA
AATTGTGATGGCCACCAACCACAGAGATGGCTGAGTTAGGATATCTGAAGGCCTT
TGCTGACTCATCGGAAGAGATGGCTTTTGTCAACTAATCCCAAGGAGATGGGCAC
ACTTTATCTACTATTTGCAATTGAGGCGGGCGTCGATGGCACCCTTTTTTCGATGC
GAGTTCGCATAGAGCTAGCTCTTCCCTTTGTGAGTCGCATCTACAATGTGATCATC
ACAGCCCATGCCTTCTTAATGATCTTCTTTTTGATTATGCCAGCGCTAATGGGGGG
TTTCTCTAACCTTTTGGTACCCACCCAGATCGGGGCTGCTGAAATGGCATTGCCTC
GATTGAACGCAATCAGCTTCATGCTTCTTCCTCCGTCGCTCCTGCTTCTCTTGAGTT
CTGTTTTGGTGGAGGTTGGCGCGGGTGTTGGGTGGACTGTTTACCCGCCGCTCAGC
ACCCATCCGTCAGTGGCTGGCGCAGTTGACGTCGCCATATTTAGCCTCCATCTGTC
CGGAGGAAGTAGCCTAGCTGGTTCAGTCAACTTCTTGACGACAATTCTTAAGATG
CGCGGGCCAGGTTTGGACATGTTGAGAGTCCCTCTGTTTGTGTGGTCAGTACTCAT
TACCAACTTCCTACTACTATTATCCCTGCCCGTGCTTGCTGGCGCGATCACAATGC
TTCTCACCGATCGCAATTGGAACACCACATGATTTGACCCCGGGGGAGGAGGAGA
TCCTGTGCTCTATATGCACTTGTTCTGGTTCTTTGGCCACCCAGAGGTTTACATCCT
CATCTTGCCTGGGTTCGGTCTGATCAGCCATGTGATCTCCTCATTCGCACGAAAGC
CCGTGTTTGGCTCCCTCGGGATGGTCTACGCCATGGCAAGCATTGGTGTGCTCGGC
TTGATCGTTTGGGCGCACCACATGTTCACCGTTGGACTAGACGTTGAGACCCGTGC
TTATTTCACAGCAGCCACTATGATAATCGCGATACCCACCGGGATGAAACTATTCA
GCTGGCTTGCCACTCTGTGGGGTGGCCGCTTACTCCTCTCGGTGCCGATGCTCTGC
GCTGTCTGTTTTCTCTTCTTGTTTACCGTTGGTGGTTTGACCGGCGTGGTACTCGCA
AACAGCGGGCTAGCGATGGGCTTGCACGACACCTACTTTGTCGTTGCACACTTCCA
CTACGTGCTCTCTATGGGCGCCGTGGTTGCTATTTATGCCGGGTTCTATAACTGGA
TCCTTCACTCGCAGCTCGGGATTATCCATTTCTGGATTTTCTGAATCGGCGTCAAT
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ATCATCTTCCTGCCGATGCACGGATTGGGCCTCGCTGGAATGCCTCGGCGAATACC
AGATTACCCAACCTCTTGGACGGGCTGGCATGGCGTGATCTGCGGTGGTGTCATCC
TCTCGTTGATGGGGGCATCATTCTTCTTTTATGTGCTCTGTGCACCCAACCCCTGGC
CAATAGAACTAGTTTCTGGTGGCACGGAGTGGTTAGTCCCCAAATCCCCGGTGGC
TTTCCACACCTTGGGCTTAGGCCTGCTCCCTGTGTGTCTTCCCCCAAAGTGTCTCAT
CTGTTCGCAAGGACAACACAATTCCCACCACCTGACATCCAGACATAGATCCTTA
GCCCTGAGATTAGTAATAGATGTGAGTACCTAGCAGCTGTGTCTACTGCGCCTCTG
CCCTTGGGTCAGATGGCATGTACTATAAACACAATTCTGAGAAGCATTTGACATCT
GACTGAAGGAGGATTCATGCAATACATCCAGGTAAGCAGCATAGGCCCAGTAATC
TATGTGACTATCATGACAAGGCAGCAGTGCGATCGGAGGGAGTAAGCTGCCATAT
TGAAGTAGTTGTGAGCACCAGCGAACTCTGTGCTCTGTTGTGTTAGAAATTGGGCT
CAGGTGGCATGTGTAGAATACCAGCTGCCATCGTGGTGTGAAATGTGGTGGATTC
TGATCCCCTGACATTTCGAAGTTGCTGAAGACGCAGGATTCTGTCGTAGAGATAG
CATAGTCCCTCTTTACCTAAGGTGAGTATTGGGCCATATCATCCATGGCCATGAAC
TCACACATCAGCAACATCTGAGTTCTAACACATTCTTCTCAACATGACATGACAAC
TCCCTACGATAACAGAGCCCATGCAATTGGGCAGGGCTGAATATGATGATCTTCC
GACATGTCACCAGAACCAGTTGACATCCAGTTCTGAAATGGATTTGGAGTCGCAT
GAGCACCTTGACCCTGAGCTCAGACACATTTCACACATCACATGATATCTGACTAC
ACGAGAGACGCTAGTATCTGTAGCAATGGGTGTGGAAACTCAGATTTTGTGGCAT
CGGAATATTGGCTCTGGCCACGATGCCTACTTCGATAAGACAGACTACTCAGCCCT
CCGATCACTGTGTTCACTCCGGCCTTCTAATATCCTGTTGCTGATAACCTGAAGAT
GGACTCCGCTGGTGCTCCGTCCCCATTTCATCTCTCATCGCTGACGCTCTCGTACA
GGTTGCTTCGCAATGGATCCTCTTTCTCGTGGAGGTTGAGAATGTGGAGTTTCATC
GGCCGCTGGCCTCTAACTCATCTTGGGAAATAGATTCCGCCACCCCTCGAATTGGA
TGGCAGATTCTTCTAAATTCTCAGATTTGTGTATGCCATCTGGGCGCTCAATCTCT
GAGCTGGATGGCAGGTGGCATATCTTAGACCTGACATCTTGACGCGTACACCTCTC
AGATGACATTTGGCTGGTTGCCTTGTCACCTACATCATCACTATGACAGCGTAGTC
CCTATTACTCAGTGGCAGTCGAGATGGATCTCTGACGCCACAAATTCTTCAATATC
AGGTGCCATCTAGGTGTAGTCGTTGAGTCAGTGTAGGCCTAGTAGCTAAGGGACT
TGAGATGTCATATTCCAGCAACCATCACAAATTGTGAGGTTTTCTGAAATGGGTTT
TCTGTTGGTGTTTCTGAGTTGTTGGAGTTAGGTGCCATCCAGGGGTTCAGAGACAA
CGGCGAGAACCCAGTAGATTGAGATAGCTTAGGCCAGTGGGAGTTGAGATATCTA
AGTGAACGAAGCCACAGCGTAGTGAGCTGCAATACATCGGATAACACCTACAGGT
ACAGATACCAGTAGCCAATACATCCTAACACTTACCTGGGTACTGGAACCAATTC
TTCATTCAGATGACATCTGGACAGAGACAAATCCTTCCATGGCCTCCGTGGACACT
CCGGCCTACTCATATCCAGTTGCTGATAACCTGAAGAAGGAGGTTCCGCAGCCGC
TACACCTCCAATTAGATCACGCATCGCTGAAGCTCACTCGCAGGTGTTATGTGATG
TATGCCTGCTCCCTCCGCTAATGCTTTGGTCGCTAGAATAATGATGGGCACTTGGC
TCGCTGGGTGCTCGCCTCACATGAACGGCCATCCAGGTGGCCACTCGAATTGGTTC
CAAATCTGTGATCGAGATGGCACCTACTTCCAATGGATTTCAGAATCCGCTAATTC
TCAATTTGTGTATGCCATCTGAGTCCTGCCAACAATTGTGAGTAGCCAACGGCGTG
TACGAGCACAGGGACAACTGATAACCCATCTGATAACGAGGCCTCAGCCGAGTAC
CTCTTTCTATGATGCTCTTGGTGAGCACCGGCCAAATAATCCCATCTTCGGATTTG
TGTTTTGTGTAGGTGCCATCTAGATATCAGGTCATGTGAGATTTAGCACCCAGGAA
ATGCCATTTCAGTGGTGCAGCATATCCCCTAAGGTAACCGGCGAGTACTCAACCT
ATGGAAGGATGTATTGGCTACCTAGATGTGTGGGTTCCGTGGCACTAGATCCGTG
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CCTTGAACCTGGTAATAGCAATGGTGCAGCATAGGCCCAAGAATCCGATCTMTGA
CACGGATGGCATCCATTGAATGTGACATCCAATTCTTGACATTTCTGACATCTGAC
TCTACTACTTCATCTAGGGCAGAGAGCCAATAGCTGGATGTCATATGATATATCTG
ACATCTGGGTTTACGCCGACGGCTACCCAGAATAATGATGGGGATAACACTCAGC
ACCTGTGATCTGAGACGGTGCTATCGGAAGAATAGAAGAAGGCCTTTGCTATCAT
GATGTATTTGACTTGGTGTGGGTACTCGCGCAGATGTCAGGTGGAATATCCGCCA
ATTCTCAATTAGTGGATGCCATCTATGTCTAGTCAGATGGCAAGTAACACGCAGCC
TGAGATCTACTTCACCTAGGGGCATTATCTATCCTTCTTCTAACGGGTTGAGTATC
GGGCCTCGTGCCCCAGGGAATTGAGTCTGTCCAAATGTGTGGTCGGATATGCCAT
CCAGATTTCAACAGAAATGGGATCGGCGGAGTACTCACCTTTAC
petA
GGCCGCCCGTTAATGTTTGACTGGATTCATGTTTTACTAATCGAGCTTATGCGAGA
TTCATATGTTATACTTCTTTCATGTTCCACTAGATTGAGCGGAGCGAAATACAATT
CATGTTCTTCATGTTAGCCTAAGTGCGAAGATCGGCGACGGCCGCCATATCTGAG
GCGAAGCCGAAGCGCGGCCCCTATTCGCCGATCGAGCGACGGGCAGCAAATGTTA
TACTTTCTTTCTTGTACAGATGAGCTAAATTGGTTCTATGTTAACTCAAAACTAATT
TCTTTTCTATTTGCTTTGATAGTTATCTCTGTACACAATGAGTTCGGGCTTGTCTAA
CTTCTTCAATTAGGATGCATTCATTAACAACTTGTGATCTTGTATCTGCTCCTAAAC
CTGATGATTGTGGCGATGAGGTTCTTCTTGTCTATCATTTTATTTAAGTGCTCGGGT
TATTTTGTAATTAAAAACCACTCGCTCTATGGGCCTTGTTTACTCCACCATTATTCT
TTACCGCTTATTTGTGCAAATGCTCGTAAATTCGTTTTATTGTTCATGGCAATGTTT
ATTCCGTTGTTCCAAGTTAATAGTAGTTAGTATCATTTGTTCTAGAAACCGTATTG
GTATTTCACGTTTCTAGTTCCAATTATTTGTTTCTATTACCAGGTAAATTCTTCCTA
GTATGTCTTCTTATTATAATCCTCCCTGACTCTAGGTTAACTACTAAGGACTGTTTC
TCTTACTACATAATTCCGGTTAGTTGCTAAATGTACTCGCAATGGATCTTGGTTCTC
AGTAACTGAATTAGATCTAACTTCTACACTAGGTCATTTAAACAAAAACTACTGA
ACTTTATAAATAATTTATATTCTATCTTCTTAGTACTAGATGACTGGTTGAGAAAC
TCTTTAAGCTTAATCTCATTGGTACTAGGTTTATCTATATGCATTTGCTTATACAGA
TGCAATTTGCTAACAACTGATGTATCTATTCCAGCAAATAGGTTTCATTCAGTCTT
AGCTATTTGTGGTCCTGAAGCTGGTGGATCTTTTACTTGATTGTGTATTATTGGTGG
TATGTGGACATTTATTGCGTTTCATGCTGGACTTGCTTTATTGGGATCTATGCTCCG
ACAATTTGAAATAGCAAGAGCTATCTTTATTATCTATCCTTTAGGACAAGCTTCTA
GGTTATTCGTTTCTAGCGTTGAAGTTGCATTCTCGCGCTGATGACACTTCTTTATGT
TATTGTTACCGGTAGATGATATTGGGGCTTTGGCTATTGTTAGTGTTGGATTAGCT
TTTCATCTTCATGAAGCTGTCTTTGTTTCTCAAGAACTTCTGGCATTACAATATTAC
TTCATTCTATGAAATGTTCCATTAATTGTGGGTTTGGCAAGCAATTATTACTCACA
TGAACAGTTATTATTTCCTGAAGAAGTATTGCCGCCTGGAAATTGGGTTAACTCTT
TAATTATGCCACGATGATTTAGCAAGCATTTACCTTCAATTAGCTTTAGACATGTA
TCAGTTACTTTCCTTTGGTATTACGAGACCAAAAATTATCTAATTTTAAAAATAGT
TTTAATTATTGAACCAATAACATTAGGTATTGTTTTAGGCCTCTTCACTATTTCCGT
AATTGGTCTAATTATTTCGGCAATTGGTCAGTTTGTTCTTACTACTAAGATTCTAAT
AATAAGTTTAGTCAGCTTAGTGCTAATTGGTAGTATCAATGCTTTCCCTCAATTTG
CTCAACAATTGTATTCCGATCCTATTGATAGGACTGGTAAATTTGTATGTTCCGCA
TGTCACTTGGCAGAACAGCCCATTCGTATTTCAACAACAAGTAGTGTATTTCCAAA
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GAGCTACTTAGACCTTACAATTGAAATTCCGATAGCTACTGGAACAAGTTCTATAC
AGTTAGCTGGTAATGGCGAACTTTCATCAATTAATGTTGGTGGTGTTATTGTACTT
CCTCCTGGTTTTGTCACAATTAATACATCAGATATTCAATTATTTAGTCCTTGGTCA
GAAGATCATAATAATATATTAGTTTATGGGCCTGTTCCTGCAAGATCATATAGTAG
TGTTGTTATTTCTTTAGTAGCTCCTAAATCTGGAGTGCCTTTGAAGTATTCCATAGC
TATTGGTGGTAATCGTGGACGTGGTCAATTGTATCCTAATGGAACAGCTACAAAT
AACGGTAGCTTTAGAAGTTCAGAAGAACTGGGATTATTAACTCGTGTACATACTT
ATCAAATAAGTACAATTATTGTCATTAGAGGTTCTATGATTAAGTCAAATTTAATT
AGTCTACCAATTGGTGTTGATCTCCTAACACTTTCAAATGTAGTAGCCAAATCTGT
AACACCAGATGTATTACTTACAGCTAATCCTAATGTAGGAGGATTTGCACAGCAA
GACTTATCAATAGTTTTACAAGAGCCAAATAGACTAAGGTTCTTTAATCAATCAGC
ATTATTAGTTATTAAAAAGAAACAGTATGAAAGGTCTTTTTCTAATAAATTAGAAG
TTAATTCATAATGAGCAAAACACATTAATGTCTGAACTTAAAAAATTTCTGCTTGC
TATTTAGTTTTTATAAGATTATTGTTCGGGTTTGTACTTCTATCCTAATTAACCGTA
TCACATGTATGAGTGGCAAAACAAATGAATTTAAAGGAGTTGTCGAAGATTGTAT
TTGGATTTCTGCTTCAGGTGTGTGCTAGAGGATTGGATTTTTGAATTATTTCGTAG
ATTTATGGTTTTGAATAGATTTCGCCTAATTTTTACTTAAATTTTGTCGCCATTTCG
ATTTTGAAGGATTTTCATCAATAAGAAGGTTTTCTAAAATTTTCTGGCGAAGAGAT
TCGAGCTTCCAAGGAAAAATTCCTGAACTCAGGATCCAACGCCTTGACCCCAAAT
TTTTTTAGGGCCAATTTTTCGCCGATCGAGCATAGCCCAAAGGCCAAAGAAAAGG
CAATTTTTGCCAATTTATTCGATTTAACAGAATAACTTCGTGCAACCAGGATTACT
TTCGACATCATTAGCTACCTTGGGAGTCATAATAGGAAGCAATTGCATTTGGAATC
ATAAGCGTGGTCCTCATTGCGAGTTTCATTGTAAGTTATATGGTAGATCTTACATT
CTATTAAACTATTACACTTCTTAAGAAAGATGTATGTTTAAGGATTAATAGTACCT
AGGAACATATTATGTTAGGAAATAGAATAAGTCTTTAGGAATGTAGAAGTAGTAA
CGGAATCTACTTCCGAGTATTAGAACTAAAAACGGTTACCTATGAACTTGGTATA
ATAACTACGGGTGAAACTATAAAGGAATTCCAAATGGTCGAAAGAGTTCCACCGT
ATATAATAATTAACAGATATACTTCGGGAATGATGAACCTAGTAGCAAAGTTAGT
TAGTCCTAGAAGGTTATAAATGTTTAAATAGAAATCAATGTTAGAAGGAACCAAG
AGCGTACAATTGACGAAATATGATTAAGAATGTCATGAAAGCTAAGTGAAAGAAT
GTTTAGCTACGAAGAGTTAATAGAGACGAGACCAAATAAAAATGAAGAGTTAAG
AAAACATGTACCTTTGGAGAATAACTGAGCCATCGGAATATACTCGGCAGGTCTT
GGACACCAAAGAGCATAGGAACAAAAACCTGTACTTATGAATAAACAACTCAGC
ATTTAACTTGGAACTATTTATGTTTTCATAGTGACCCAATAACAGTTTCTATTAGC
AACAACAATGTAAGGTAAGAGGAAATAATTGTTTAGTTCTTGAAAGAAATACTTG
GGAAGTAATAATGAATAAGTCTAAGAGGAATCATGAATGGTATTTGGACAGGCAA
CCAAACTTCGGAAATTCACTCTTTTCGTCCCAAGCCGAATTAGCCCTATTATTCCTT
TACTTTCTTAGTGGGACATCTTGATCATTTAACCGGAATCTATGTTCGTGGAATTA
GACTTAGGAAGCTAAAGACCGCTTACTTATGCCTTTTCAAAAGCCATACTAAAGC
GTGATGAACACCAATTATTGCGCAAAGCCCACAGATTCTTTCGAAATAATCCATTA
GCGTAAAGTCCACCTTTGGGATCAAATTAGCGCTTATAAGTAATAATAAATTCTAG
AGGTCACAAAACATGGATGGTAATTTCTCTGAGGGTAATTGTCCATGATCAAAAA
TAAAAGCCCTATTTCATTGGACGTGTCAAATTAGATGCTACTGGCTATAAGGAAAT
TCGGTAGCTAACCAAAAACATTGATTCAAAGTTCGCGGAGGGTAATTGTCCATGA
TCAAAAATAAAAAGCCCTATTTCATTGGACGTGTCAAATTAGATGCTACTGGCTAT
AAGGAAATTCGGTAGCTAACCAAAAACATTGATTCAAAGTTCGCGGAGGGTAATT
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GTCCATGATCAAAAATAAAAGCCTATTTTCATTGACCTTTAGTAAATCCAAGTTCC
AATAAACCCGAAAAGCTCCATTTGCCGGAAAGCTACTTGTCCTGTTATTAAGAAA
GCTATGTAATAATATTTGCGGATAATCCAACTAATCTCTTTAAAAAGGCCTCGCAA
TCTTTATAATTTCTTCTATTCTCTAGAACTGAATAACAGCTTGGGACGGAATTTACT
TTGTCCTCTTGATTAATAAAGTGTGGGGTTAATTGTTGGGCCGATC
petB
AGCGACGGGCAGCATATATTCTTTACTTTAATGTCCAACTTCTATATTCCTTACTTG
TTAGATCGAGCGGATGCGAGATCTCAATAGATCCTCTACATGCATACCTAAGTGC
GAAGATCGGCGACGGCCGCCATATCTGAGGCGAAGCCGAAGCGCGGCCCCTATTC
GCCGATCGAGCGACGGGCAGCAAATGTTAATGGCGAGGAACGAGCGGAAGGCAA
GGGCCGCCCTATTTCGACCCGAAGGGGAGAAGCGGCCCCATATTTGCCTTCCGTG
AGTGACGAGCCGTAGATAGCCCGGAATTCATGTTCGACTAGATTCCATTTCTTCTT
CTATAGGGAATTTATCAACTTCATTTTAGCTCTTCTTTCTTGAACTATCTTTAGTCT
CTGTATGGTCAAATGACGGAATTAGGTGGCAAAATGTAACGAAAGTGGCAATCTT
TATTGTACAGATGAGGAACTTTAGTTCCGAACTTACATGTTATAGTCCATGTTAGC
CTAAGTGCGAAGATCGGCGACGGCCGCCATATCTGAGGCGAAGCCGAAGCGCGG
CCCCTATTCGCCGATCGAGCGACGGGCAGCTAATGTTGCCAAATACCCATCTAGTT
TTATTTTTATTTCTATTAGGTTTTCGTTTTAGGCCTCTTCATTATTTCTTTAATTGAC
TTGGCTTTTACGGTTAATTGGTTCTTACTTCCAGTCATAAACATTCTTCTACTCAAC
CATACAACTTCTTATACTAATTCACTTGCTACATCGCATGGTAAATTGTCATCAAG
CATATTTCGTGACTAAAGAATCTAGCTATCATTACCAGGCAAACATATAATTTTTA
ATGTGTATACTGGTGGATTTATTACCTGTTCTCTCTACTTTGACTCTTTAAGTAGAT
TCCGACTAATCATCTTTAGCATCATTTCGTAATTGGAATGCTCTTATGGTTCTTCTT
TATGGTATTCAACGCTTTGTGCCCAATCTTCTAAGTTTAATGTTGTTGGTAAGTTAA
CTGTTCCTATGTTTCTTCATGTTATGGTAATTAGTTACAACTATCTGGTTTTTGGGA
TTATAATGTTAGAGAGCAAAGTTCCTGCATTGTTCGTGGCAATGTTATTCCGTGGT
TCCAAGTTAATAGTTCCATAGGTCTGGTAGTAAAGACTGTTATTCGAATAAAGACT
CTTCTAATTACTCTTTGGTTTAGCTTCCGGTGTAATTGTAATAGCTTATGTTATGCA
CGATATTTCCATTATAGTTATTCTGTATTATTGGATCTATTAGCCACGATTCTTCCT
ACTTACGTTGTTAGTAATATTAATAATAGTTGATCCTTATAGGGAGTAGTTACATG
TTCTAGTAAGAAGTTCTAAGTCTTAGTTCTAGTATAACTTAAGAGTTATTAGAACT
TAGTACTTAGTCTTTCTTACGAAGAACATAATTCTCTACTTCCGGTTATAGAAACA
AAGACATTGGAACTGGAACTAGGTATGTAGAAACAAAAGTCTAACTTGGGAGTAA
CAACCACGTGGAATAGAAGTGAGAATATTCTATTATATAATTCTGGAAGTAACGG
AATAATATTGAGGAAGATTTCTCGGAGGGTAATTGTCCATGATCAAAAATAAAAG
CCCATTCTTTATTAAACAATAATATCAATATTCTTATGGTTCGATGATAGATTGGG
TCTACAAGAGATTTTAGACGATGTTACTAGTAAATACGTACCTCCTCATGTTAACA
TCTTTTATTGCTTTGGCGGATTAGTTCTTACAAGTTTTATAATACAAGGTGGAACT
GGATTTGCTTTAACTTTTCATTACAGACCATCAGTTAATGAAGCCTTAGCTAGCGT
TCTTAATATTCAAAGTAATGTGCATTCAGGATGGTTAATACGATCTGCACATCGAT
GGGGAGCTTCTTGAATGGTCTGATGCCTTATACTACATGTTTGACGAGTTTATCTA
ACTGGAGGATTTAAAAAGCCTCGAGAGTTAACATGGATCTCTGGTGTGTTATTAG
CAGTATGTACAGTGTCTTTTGGAGTAACTGGCTATTCATTGCCATACGATCAAATT
GGTTACTGGGCATTAAGAATAGTTTCTGGTGTACCCGATTGAATACCAATTATAGG
AGGTATTTTAGTTGAACTTATTCGAGGAGGTCCAAGTGTTGGTCAAGCAACTTTAA
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CCCGTTTCTATAGTATTCATACTTTTGTACTTCCCTTAATTACTACCGCTTTAATGC
TTTGACATTTTCTACTAATTCGTAAGCAGGGTATATCCGGGCCTCTTTAACTGCATT
AGTTAAATTCAAGAAGAAATAATTAAAAGAAATTAAATCATGATTCGTAACATTT
AATTGAAATTGTGCTTGGGACTTCAATTATTGTTTGGGATTGTACCTGAATTGAAG
AATTTTCGCTTTCAAGTCAGGAAAGAACACCGGATTTATGCTCCAGGTTTGGATTA
GCTAAGATTATTAAAAAAGATCGACTCTAAATTAGATTTTTGACTTAGCGAATAA
AAAATTAAAACTAAAAAGTGGATTTCGAAAAAAGACTTGAGCTTTCGAAAGTTGT
CGCAAACAAAGAAAATATTAAACGGGCCGATCGAGCGTTTTGATCTATAAAAACA
ACTAAAATGCCCGTTTAATATTTTCTTTGTTTGCGACAACTTTCGAAAGCTCTAATC
TTTTTCGTGAGGCCACTTTTCCTTCAAAACTATTATTTGCTTATATGATCCACTAAC
CTCGGTAATTGCATTTAAGAAGAAAGATCGGCATGACGTAGTAGAAGATCTACTT
CAGGTAATAGAAACAATCCAGTGGAACTAGAAACGTGAAAGAACAACTCCGGTTT
ATAGAACTAGAAGTAGGAACTTACAACGGATGATGGTGAACCAAGAGCAATAGA
AGAGCGAAAGTAATATTTGGTTTAGCGATAAATTCCTAATCGATCCTTGGTGGATC
ATAGAAAAATATATTAAACGTTATCATCCCTAAGGTTCCAAGTTAGATGTTAGAA
AGTAGAATAATAGTTTGGTTTAATCTAAAGAAAGCGGATGAGTTCGTCGCGAGGT
AATGTCAGCCTTAAGTAATCTCGAAGGGCAAAACAACTTCCAAATTCACCTCTTCT
TCATAAACCTAGAGAAACCGTTTAAATGGCTCTCAAAGCCCAATAGATACGTGAT
TCGTTTTAATAGATCTTGGCAAAATCCACTCTCCGCCTTAAGTCCAATTTTATGTGT
CAAATCATCCGTAAAGGCCTATAAAGTCGGGTGGAAGTAACAATAAAAGTGTCGT
TTCAAAAAGACCGGAAAAGTATGGTCAATGTACGATCGAAAACATAAACCCGCTA
AATCACTGGGTGCATCAAAATTAAATTCCTTATAAAACCGTCTAGTATGAATTTCG
GTAATTCGCTCTATCGGCACAAGCAAGATTAACCGGCAATTCTCTCGCAAAGCCC
ACCATTAGACTTACTTGATTCTTTCGACATCTTGATCCTTTTCACGACATCACCATT
TCCATGATAGGAAGTAACTTTAAAAACTAAGATGTTGCCTCCCATTGACCTTTAGT
AAATCCAAGTTCTACTAAACCCTAAGAGTATGTAGTTCCTGAATAGCCTATTGGGG
GGAAATTAATAAAGACTCCAGGTAAATAATTCCGGATAATTCACCTAATTCTTTAA
AAGGCAACGCATCTTTTTACTTTTCAATTCCATTAGAACCGTTAATAGCAATGAAA
ACAAATGCAGTTGTGGGCTCGTCACTTCGCTTCAGGCAAATCCTTCAACTTCGTTT
CCTCGCCACAATCCTTGCCCGCCCACCGCCCCTAAGCTTGACATGCTGGTCCCGAT
CCACTGAACGGATTAAGCAAGCGAAGCGATCATGTTTGGCCGAGGATTATGTTTG
GGGCCGAGCGAGACGAAGAATGAGTCCGAAGCTCGGCGATCGCGAAGGCGATCT
GTGGCGCAATGGTTTTGCGGATCATGTTATCCTGGATATTAAGATTGGGCTATGAA
ACTTGTTTCCTTTTCTATTATATCTCCGGATTTTAATAACATGTTCGGCAGGGGTGG
TGGGCGG
psaA
GTAAAAAGATTGCGTGGCCTTTCAAAGAAGTTAGATTATTCGGAATTATATTTACC
TGGCTTTCATCCGTTAAAGAAGATAGCAAGTTTCAAGAAGCTTCTACTGGCCCAA
GTGGTAATTCCAAAATACCTTCTAGTCAGGTTTAGTGGACTTTGGATTTTGCTACA
CCCAATGATTTAGCGGGTTTATTTTTGATCCTGTACAATTACCCTCCGAGATATCTT
GAATCATGTTTTCCGTTAGCTCCCGAATTTATATGGCCAATCTAAGCGCTATTTGA
TTCCTAAGTGTACTTCGCCGCTAAATGGATTGTGGCAAGATCTGTTAAAAGAAGC
AAGTATATGTGGTCTTTGTGTGAGAATTGACCGTTCATTCCGCTTGTGACGATAAG
AGTGAATTCCGAAGTTTGGGTTTGCCTTTAACCAGAGTAATCCACAATAAGGAAC
TTGCTCATGAAACCTATTCCATTATACTTACCAAGTACCTCTTTCAAGAACTAAAA
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CAATATTCCATCTTTATTCATGTCCATATATTCTTTGCCTTGTAACCTAGTTCTACC
AGAAGCATTCTCTATTATTGCTCATCATTTGCACGAACTTGGTCTTTGTGGTCTTCT
AAACGGTCATGTGCAAAAAGCATCCGATTGTTTGTTTTATTCATATTCTATTAGGC
TTTTTAGTTACTTCAACTGTTGGTCATTGGTTGGTATCTACGACATTTGGTAATGAA
TGGTATTTATTTGGTATCTATTAACTCTTCTTAGCAAAAAACATTCTTCCACTTAGC
TCTTCTCCTCGTCCAATAGTAGGCACTTGGATCCTTTATCATCTAGGTTAACTCCTA
AGGACTGTTTTCTATTACAATATGATTATGTTAGTAGCAAATGTACTCTCACTGGA
TCTTGGTTCCTAATACCTGAATTAGATCTAACTTCTCTAAATGCAATTCCCGAGGT
TAGTTGCTTTAGTTTCTATTAACACTCGTAAGTAGATCTCTAAGAGATTCGCAGTT
AAAGAAACCTTAAAATATTTTTAAATTCTGGGCTTCATTGCCCAACCTAGTTATAC
CAGATTTGTTATGAAATAGATCTCGTAATTTATTGGTACTTTCTTTATTTATTGATA
ATCTTAGTTTGTATGAATTCACTAACCAGTGATGTTCAAAAGTTAGAATTAATGAC
TATCAAGTCAATAGTAGGGCCTTGGACTCGTTCTGGCGGTTATATTCGTCAAAGCT
GCATTACGACAACATGGCTTTGGAATCTTCATGCTGATGCCCATGATTTTAGGAGT
CACATGAATAACCTTGAAACAATTAGTAGGCAAATATTTGCCACGCATTTTGGTCA
CTTATCTTTCATTTTTCTGTGGTTAAGTGGAATGTATTTTAGTGGTGCACGCTTTTC
CAATTATGAATCGTGGCTTACTGATCCATTACACATTAAGCCTAGCTCACAAGTAG
TTTGGTCGATTATAAATCAAGATATACTTAATGGCGATGTAGGCGGTGGTATTGCT
TCAATACGTATAACTTCAGGGTTCTTCCATTTGTGGCGCTCATCTGGAATACTAAC
TGAAACTCAACTTTTCAATACAGCTATTGGAGCATTATTAATGGCATTCTTAATGG
TTGGAGCTGGATGGTATCATTATCATTTGTCAGTTCCAAAAGAAGCTTGGTTTAAT
GATGTGGATTCGATGCTTAATCACCATTTAGCAGGTCTTCTTGGGCTTGGAAGTTT
AGCTTGGGCTGGTCATATTATACATGTTGCTGGGCCAATCAACAAATGTTTAGACC
TAGGATTTGATCCATTAGCCACTCCATTACCACATGAACTGATAACTCATCCTAAT
TCTATGTTGGCTTTATACCAAAGATTTGATCTTAAATCTATCTTTACTCTTAATTGG
GCAGAGTTAAAGTTTCTCTCATTTTATGGTGGTGTTAATCCTTTAACTGGAAGTTT
ATGGTTTACAGATATTGCTCATCATCATTTAGCAATAGCAGTTTTATTTATAATCG
CTGGTCATTTATACCAAACTCAGTTTGTAATTGGTTCAAGATTAACAGAATTAATG
AGTTCACATAATCTTCTGTTTATAAACTCGTGGCATTCTCATCTTGCCATTAACTTA
GCAATGCTTGGTTCACTTTCTATTTTTATTTAGTCATCATGTTTATGCTATGCCACC
TTATCCTTACATTGCATTTGACCATGGAACACAATTATCACTATTTACTCACCATAT
GTGGATCGGAGGGTTCTGAATTGTTGGTTCAGCTGCACATGCGGCTTGTTATGATT
TACGATTATCAATTGAGGTATAAATCTATAGTTGACCGAGTATTAGGACATAAAT
ATTCAATTATTGTTCATTTAAATTGGGTTTGTATATTTCTTGGCTTTCATAGCTTTG
GAATTTATATTCATAATGATACAATGATTCCTCACAAATAGGTCTTATGCCAATAG
AACTTGGTACATCAGATACTATGGTTCATCATATATACGCTTTTACAATTCACGTA
ACAGCATTGATATTACTTAAAGGTGTACTATTCGCTAGAAACTCTAGGCTAATTCC
GGATAAGTCATTACTAGGCTTTAGATTCCCTTGAGATAGACCTGGTCGAGGTGGA
ACTTGACAAGTATCAGCATGGGATCACATATTCTTAGGCTTATTTGGATGTATAAT
AGGATTTCTATTGTGATCTTGCACATTAGTTGGAAGATGCAGTCTGATGTATGGGG
GACTTTGTCTTCTGATGGATTAGTAATGCATATAAAGGATGGAAACTTTGCTAGAA
GTTCTAATACTATCAATGGTTGGTATTGCTAAAGTGGAAATGCGTTGTAAGTGACA
TCATTTGAGAACTAAAGATTGGATTTATTGTTTAGGATTGCACCCGATTGTAGAGG
ATTTTGCTTTCAAATAAGGAAAGTGCTCCGGATTTATTCGCTATGTTTGAATTAGA
ATTTGCTTGAACTAGTCCATAGATTATTAAAAGACTGCCAAATGAAATATATTTTG
ACTTGGCGAATCAAAAATTTAATAAAAAGTCACTTCACGAAAAAGATTAGAGCTT
110

ACGAAAGAAGTTGCAAACTTCGAAAAGTCAATCCGCTCGATTTCGTTCATTTTATA
GAATAAAATGACGAAATCGAGCGGATTGACTTTTCGAAGTTTGCAACTTCTTTCGT
AAGCTCTAATCTTTTTCGTGAAGTGACTTTTTATTAAATTTTTGATTCGCCAAGTCA
AAATATATTGCATTTGGCAGTCTTTTAATAATCTATGGACTAGTTCAAGCAAATTC
TAATCCAAACATAGCGAATAAATCCGGAGCACTTTCCTTATTTGAAAGCAAAATC
CTCTACAATCGGGTACAATTTCCATCAACACTTAATAATATTAGCAAAGTTTCAAA
TAATCATGTTTGTTAACTAAATTCATTACTTGGGCCGCTAATACATTTGGTACGGT
TCACTCAACGGCGTGAATCAGCGTCAAAGTTATCAAAATAAAGAATGAGACTAGA
AAGTACAAACCCGAACAACACTTCTGATCTCTTACTAGTAATGCG
psaB
CCCTATTCGCCGATCGAGCGGCCGCCCGTTTCATTTTTAGCCTAAGAGAATTGGCT
TACTTTAAAGAAAAAGTGCATGAATTTATCTGTTTTACAGATTATAGGTTCTGTCG
TTGACATCCAAACGACATATTTTCTTCATTCTTTAGTATTTGTATTACTTAAAGAAA
TAACTATCATTTTATATAATTCTATTAATGAATCTAGTCATGCAAAACGGTATGAC
TCAACTAAAAATCTGTGGTATCGGTTTTCTACAGCTAATGATTTAGAACTTTCATC
AAACAAGATGGATAGAAACTCAATATTTGCTTCTATATTCTCTTCGCATTTAACAC
AAATAGCAATTATTACTTTATGGGCATCATCTCATTTATTTCATATTGGTTGGCTTG
GCAATTACAGGTCTTTTATCACATCATCAATCCATGGTGAATCCACTAAGACTTTA
TTATCTGCACATGCTATCCGTGATCCACATTTTGGTATTGCTTCAGCTTTATCTAAT
GGAAGTAATTTAAATATAGTTACTGCTTCTGGTCTTTATCAATGGTATTTATCTGTT
GGTATAACTTCAGAATCACAATTATTCCACAGTGCTTCTTTTCTTTGTATTTTAGGT
GGTATTTTCTTAGTAGTTGGTTTATTTCATGGTTTAGCTGATTTGTCTAATAATTAT
GTAACAGTTACATCGTTTAAAGATAAGTCATGGAAATCATTATTAAACCACCATTT
AAGTGGTATGGCTGGTATTGGAAGTCTGGCATGGGCTGGACATATTATACATGTA
GCTATACCAGTATCTAGAGGTGTTAGTGCTGATGGGTTAGGAATTCTCAATCAGTT
ATGTCATCCTTTAAGTTTAGCACCATTGCTTTCATTTAATTGGCAAGCTTATTCAGC
AAATGTTGATTCAGCTTCACATGTTTTTGGAATAGATGACTCCGGATCTGGAACTG
CAATACTTTCATTTATTGGTGGTGTAATGCCAGCTTCTGATTCTTTATATTTAACAG
ATATTGCTCACCATCATCTTGCAATTGGGATCTTTGCAATTGTAGCTGGCGCAATT
ATAAATGGATTAAGTTTCTCCAGTTTATGGAATCAGCCTGAATCACTTCATTATCA
ACTAGCGTTAAGTTTAGCATTTCTAGGTACAGCTAGTTCTTTTACTGCTCAACACTT
AGATTCATTACCACCTTATGCTTTCTTAGATAAGGTCTCTCATGCTGGACTTTACAC
ACATCATCAATATATTGGTGGTTTCTTCATTTGTGGTGCATTTGCCCACGGCGCTAT
TTATCTTGTACGTGATGACTCTTATAATACTTCTAATGGTATTCATAATTGGTTAAT
AGTTAACCGACAATTTATAATTAGTCATTTAAGTTATATTAGCTTATTCTTAGGCTT
CCATACTTTAGGAATTTATGTTCACAATGATGTGATGCAAGCTAGTGGATCTCCTG
AAAAGCTTATTGGTATTTCACCGATATTTGCTCAATGGATACAAGTCGCTCACGGT
AACAATCTTGGGTTTGATATAACAAGTGGTGATGTCCTAGTACACCATGGAATAG
CACTAGGGTTACATGTAACTACCCTAATTTGTCTTAAAGCAGCTTTGAATTCACGA
AGTTCTAAACTGTTTCCAGATAAGGTGGGATTTGGTTATGGATTCCCATGAGATGG
ACCTGGTCGTGGTGGTACATGTGATATCTCAGCGTGGGATGGATTTTACTTAGCCG
TATTTTGGATGTTAAATACTATTGGATGGACAACGTTCTATTGGCATTGGAAACAC
ATTGCTTTATGGACAAATAATAATGGACTATTTCATGATTCGTCCACGTATCTTAT
GGGATGGTTCAGAGACTATCTGTGGTTTAATTCGTCTCAATTAATTAATGGATATA
ATCCGTTTGGAGTTAATAGTTTATCAGTATGGGCATGGAGTTTTCTACTAGGACAT
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TTAATATGGGCTACAGGATTTATGTTTTTAATATCATGGAGAGGTTATTGGCAAGA
ACTAATTGAATCTATTGTTTGGGCACATGAACAAACTCCTATAGCTAATCGGTGGA
TTTGGAATGAAAAGCCAGTTGCATTATCAATCGTACAAGCTAGGTTTGTAGGTTTG
GCTCACTTTGCTATTGGTTATGTATTTACTTATGGACCATTCATATTAGGTTCTACA
ATTCCTATTTAATCTTTAATTGTCCGCTTAAGTAACAATTAGAGGCAAATTGCTCG
TCTTTATCAAATGATTAGCTTTAATTCTGAATTATTGTTCGGGATTGTACGTGAATT
TATTTAGTTGTGTTAACTTTTTATTAAAAATTTGCAATTCAACCATTTTAATTTTCG
GCTAATTTTATCGTTTCGTCGAACTTTTCTAGCTTTGTGGAAGATTTTAGTCATAAG
AAAGGTTTTCTTAAAAACCAAACGAAAAGACTCGAGCCTACGAAAGTAAAATTTT
AACTCAGAGTCTTAAACCTCTTGAGCATCTCGGCCCACTATTCGCTTCGCTGACGG
AATTCCCCGTCGGGATTCCAAGATGGCTGGAACATTTTGGTCAAGTCATTCCAAAC
TCAGAAGGCAAGAAGGAAATTATTGAACGCTATCGTACTTTGCAAGATCTTTAGT
TACCAAGCAAGATCCATTGTTAGTAAAGTTAAAGAGTTCATGTATGTTTAGTAGA
AAGAATGTTTAGCTAAGAAGAGTTAATCGATCTATCTCAAAATATAAATGAAGTT
AATCCCACAATATACCTTTGAAGAACCAAGAGCATACAATTGCCGAAATGTAGAA
GAAGAGATCCCTATTGATTAAGCTTAATCTCATGTACCTTGGTAGAAGAACTAAG
CCATCAGAATTAATCATCGGTTCTTGGACACCAAAGAGCGTAGTAAGCAAACTTG
TACTTAGGAATAACTAACAGATCATACAACCTTATGCTTCTTGGACTTTATGAATA
ACCTAATAACGTTTATAATAACAACACGATGTAAGGAAATAGAAACGAAAGATTA
TTTAGTTAAAGGAGGTTACTTGGGACGTATAAGTTCTCTTCCACCTAGATACAGAG
AAGTACAAGAATAGGTTTAACTAGGAATAGGAGTTATTAAGAGAAACAAAGTACT
AATAAGCGGATTCTATTCGCCACTTGGTATTTGCGAAAGACTCACAAACTCGGACT
TATCTCCTTAACTGAACAAGCAAGATTAACCGGAAATTCTCAAACAAAGCCCATT
CTAATTACTTGCTTTACAGATCTTTTAGACTAAATCCACTTTAGCTTTGAAGTCCAC
TTGGGCATAAAAAGAAGCTAATAAGGCTATTAATAAATCGTGATGTAACGAAAAC
ATTGAGGGTAATTTCTCTGAGGGTAATTGTCCATGATCAAAAATAAAAGCCTATTT
TCATTGACCCTATCAAAAATCATATTGCCTATAAGCACGAAAACAGCTTTGCCTGG
AATTTGCTTTGACCTCGTAATTAAGAAAGCGTGGATTCATGTTTGAGGCCGAGCGA
GACGAAGAATGAGTCCGAAGCTCGGCGATCGCGAAGGCGATCTGTGGCGCAATG
GTTTGCGGATAAATGATTAAGCTGGATGATTATGTTTATTTCTATTATAATATCTCC
GGATTTATATAACATGTCAAACAGGGGTGGTGGGCGGGCAAGGATTGTGGCGAGG
AGCGAAGAGAGGCCAAGGGCCGCCCTATTTCGACCCGAAGGGGAGAAGCGGCCC
CTTATTTGGCCTCTCGAGCGACGAGCCACTGTATTCTAGCCTAGATCGAGCGGATG
CGAGATCTCAATAGATCCTCTACATGTTAGCCTAAGTGCGAAGATCGGCGACGGC
CGCCATATCTGAGGCGAAGCCGAAGCGCGGCCCCTATTCGCCGATCGAGCGACGG
GCAGCTAAATGTTAAACCTTTCATGTTCGTCTAATCGAGTGAAACGAGATTACATG
TTTGCTTAGATCGAACGGAGTGAGATCTCAATAGATAATGGACATGTTAGCCTAA
GTGCGAAGATCGGCGACGGCCGCCATATCTGAGGCGAAGCCGAAGCGCGGCCCA
TATTCGCCGATCGAGCGGCCGCCCGTTAATGTTTGATGGAATATAGAAAGCGAAG
AGAGGCCAAGGGCCGCCCTATTTCGACCCGAAGGGGAGAAGCGGCCCCTTATTTG
GCCTCTC
psbA
CTTCTAGTTCTAAACGGAGAGATGTGCTTTATCACCCAGTTTGGTTCTTCGTTCCA
AATACCCTAGTGGCGAATATTCCAGTTGTATTCTTCCTCGCGATCCTATGTACTTA
CCAAGTATATCTTTCAAGAACTTAAAGCAATTTCCATCTTTCTTTATTCTGTTCTAT
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CTTCTTTCCGTTAACCTAGTTCTACCAGACTCCATTAGCCTATTATTGCTTATCATT
TGCACGAACTTGGATCATTGTGGACTTCCCATCATCCTAAATCAGTCATGTTCAAA
AGCATCCGATTGTTTGTTTTATTCATATACTATAGGCTTTTATTGGAATTGCTGTTG
ATCTTTCCTACGACATCTGGATTTGTCTGGAATTGTTGTTGGTTGGTGATCCCAGTC
TTATTACATCCTGATTTATACTATATTGGGTCCGCATATCTGGTGGATTACTCTTGG
TATCAAACAGTAAGAAGTTCATTTATACTTAGGTCTAACAAAGACCAATCATTATG
CGATGATTATCCACTGACAATGTTGGAGTTTAGAATCATCATTCATTATTCTTAAT
CACATTAATCTGATCATTATTTTATTTACTAATGGGACTTACTTGGTTTCGTGTTCA
TTCTGTAGTGTTGAATGATCCTGGAAGGCTAATTGCCGTTCACATTATGCATACAG
CATTAATCTCTGGCTGGGCAGGGTCTATGGCTATTTATGAACTATCAGTTTTCGAT
CCATCTGATCCGATATTCAACCCAATGTGGCGTCAGGGAATGTTCGTCATACCATT
TATGACTCGATTAGGAGTTACTTCATCTTGGGCTGGTTGGTCTCTTGATCCAACAG
GTTTACCACAAGCTTGGAGTTATGAAGCTGTAGCTTTTGGACATATAATTCTGTCT
GGATTACTGTTAGCAGCTTCTATCTGGCATTGGGTTTATTGGGACTTAGATTGTTTT
CGTGATAGACGAACTGGTAAACCGGCTATAGATTCTCCAAAGTTATTTGGAATTC
ATCTCTGTCTTTCATCTATTTTATGTTTTGGCTTTGGAGTTGGACATTTAAGTAGCT
CTCCAGGTATTTGGGTTTCTGATGCTTACGGTATTACAGGCGGTGTGACAATCACT
CAACCTGTTTGGGGAATTGAAGGGTTTGATCCTTATAATTCTTCCGGAGTAGCAAC
TCATTACATAGCAGCCGGAGTATTTGGTATTATAGCTGGTGTGTTTCATTTATGAG
TTCGTCCACCTATTGGTCTTTACTCGCTTTTACGTATGGGTAATTTAGAAACCGTGT
TAGCAAGTAGCTTAGCTGTTGTTTCATGGGCTTCTATATGTGTTGGTGGATCTATG
TGGTATGGATCTTCTACTTCACCAATTGAGCTATTTGGTCCTACAAGATATCAATG
GGACTCGGGTTATTTCCAATTAGCAATTGAGCGGCAAATACAAGGTAGGTTAGCC
ATAGGACTCAATATTTCAGATGCATGGTCATCTATTCCGTTTAAACTTGCTTTCTTA
GATTATTTAGGTAATAATCCAGCTAAAGGAGGTTTATTTCGTAATGGTCCCATGAA
CAATGGAGATGGTCTAGCATTAGGTTGGTTTGGTCATCCAATATTTACAACTACTG
ATGGTGTAGTTCTACATGTTAGACGTATGCCAACTTTCTTTGAAACATTCCCAGTA
ATTCTATTAGATGATTTAGGCATCGTTCGTGCTGATATTCCTTTTAGACGTGCTGA
GTCCAAGTATTCTTTAGATCAAGTCGGAGTTAAAGTTAGTATTAATGGTGGAGCTT
TTGGCGGAATAGATTTCAAAAGCATAAGAACCGTAACTGCTTTTGCTCGACGAGC
ACAACTGGGAGAACTTATTGATTTTGATCGGCTTATTAATAGATCAGATGGAGTAT
TTAGATCTAGCCCTAGAGGTTGGTTCTCTTTTGCTCACATTGCCTTTGGATTATTAT
TCTTGTTTGGTCATTGGTGGCATGGTGCAAGAACACTTTTTCGAGATGTATTTTCTG
GTATTGATGAGAACTCATCTGAACAAGTAGAATTTGGTTCTTTCATTAAAGTTGGA
ACTAGTTCTCTTCCACGAAATTAGAAGAAAAGCATTAAAGTAACAAAGAATTTAG
CTACAATATTGCATTATAAAAGATTTTTAATTTTTGCTTACAAGTCAGGAAATGGC
TTCCGATTTATGCGAGAGGTATTGATTAGGATTATGCTCCTGGTTTGGATTAGATT
ATAAAAAGATTTGCTATGATTAGATTTTTGACTTGGCAACTAAAAATTGAAACGA
AAAATGGATTTTAGAAAAAGACTTGAGCTTACGAAAGAAGTTGCAAACAGTGAA
AAGACAAAACAGCGAAATCGTTCATTTTATAGAATAAAATGAACGATTTCGCTGT
TTTGTCTTTTCACTGTTTGCAACTTCTTTCGTAAGCTCTAATCTTTTTCAAGATGAC
TCTAAAATATAATTTGCCTCACTTCGTTCGGCCTGCCCGTCGCTCGATCGGCGAAT
AGGGGCCGCGTTCTCGCTTCGCTCGAAATATGGCGGCCGTCGCCGATCTTCGCACT
TAGGCTAACATATAATATAGAATATGAATCTCGTTTCACTCGATTAGACGGAACAT
GAAAGGAAGAACATTTGCTTCGGCTTCGCCTCAGCCTGCCCGTCGCTCGATCGGC
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GAATAGGGGCCGCGTTCTCGCTTCGCTCGAAATATGGCGGCCGTCGCCGATCTTCG
CACTTAGG
psbC
TTTTACAGATTATAGGGCCTGTCGTTGACATCCAATATACAATTCAATACAAAGTG
CCAGTAGAAGGTGTTTCATTGCACGATTCCGTATTAGTAGCGATCAAGTTGCTAAC
AATTCTGGTTGTATCTATTTTAGAGTATTCCGTAGCTTTATGTTGGTTCATTCTACT
GGTTTATCTTATGGTAAAAGCAAATCTAATCTTCTTCATTCAATCAGACTTATAAT
CTCTGTACACAATGAGTTCGGGCTTGTCCAATTCTTCGCAATTTACAACTTCATCA
AGTCTGAATCTTTTACATCTGCTTCTATACCCGAAGATTGTGGTGATAACGGTCTT
CTTGTCCACCATTTTAATTAAGTGCATGGATTATTTTGAATCTTAAACTGCTCGTTC
TATGGGCCTAGTCTATTCCACAAATTCTTCTTTTTCGTTTCATCAATCTCTTTATTGT
ATACATAATTATTATCTTGCTATTGCTTCATTTGATAGTTAGATTGTATTGAAATAG
ATTCACCGGAGTTGCTAATCTCACCACAAATGCAATTCCTTTATTCTATTAGTTAC
CTTTCGCACATTTATCTGTTCATTGCTATTACTAGCTTTTAGAAACCACTCATTATT
TCTTGGAATCATTTAAGAGGTATCAGACTTTTGTGGGCCGGTAATGCACGTCTTAC
TAATTTATCTGGACAATTATTTGGGTTCACATGTAGGGCATGCCGGTCTCATGGTT
TTTTGGGCCGGAGCTATGACTCTATTTGAAGTTGGTCATCTTACAACTGATAAACC
ACTTTATGAACAAGGATGAATTCTAATCCCTCATTTAGCTACATTAGGATTAGGAC
TTAGACCTAGTGGTGAAGTTATTGATACCTATTCCTATTTCGTTGTAGGTATTCTTC
ACTTAATTTCTTCAGCAGTTTTAGGATTTGGAGGTATATTTCATTCAGTACTTGGAC
CCGAAATAATAACGTCGGAGTTCTTCGCTTATTCCTGGAAAGATAAGAATCAGAT
GACTTCCATACTTGGATTTCATTTAATAATTCTTGGGCTAGGTGCCTTATTATTGGT
AATGAAAGCTACTATTTATGGTGGGTTGTATGATCCATGGGCTCCTGATGGAGGA
GATGTTCGATTAATAACTAATCCTACATTAAGTCCATACACAATATTTGGCTATCT
TCTAATATCGCCTTTTGGGGGTGATGGTTGGATTGTACGTGTAGATAATTTAGAAG
ATGTTATTGGAGGTCACATATTTATATCGTTAATTGAAATATTTGGTGGTCTTTGG
CATCAGTTTACAAGTCCTTGGCCTTGGGCAAGACGTTGTTTTGTTTGGTCAGGCGA
AGCTTATTTATCCTATTCTTTAGGAGCACTCAGTCTAATGGGATTTATTGCATGTTG
AATGGTATGGTTTAATAATACAGTTTATCCAAGTGAGTTTTATGGACCTACAGGAC
CAGAGGCTTCGCAGTCTCAAGCATTCACATTCTTAGTACGAGATCAACGGCTTGGT
GCTTCTGTTGCTAAAGCCCAAGCGCCTACTGGATTAGGTAAATATCTCATAGATCG
CCTTCAGGAGAAATATTGTATTGGATTTATTGTTTAGGATTTAACGGATTGTAGAG
GATTTTGCTTCAAGTAAGGACATGGCTTCGGATTTCTGCTCCTGGTTTAGATTAGG
ATTAGATTTTGCTTAAAATAGTACTTAGATTATTAAAAAGATCGCTATTATTTCGG
ATTTTGACTTGGCGAATCAAAAATTGAATGAAAAATTTGTCTCCGAAAAAAGATT
AGAGCTTACGAACTTTGTTGCAAACTCGAAAAAGTTAAAACGGCTCCTCTACGTTC
ATTTTATAGATCAAAATCGCGTAGAGCGCCGTTTAAACTTTTCGAAGTTTGCAACA
AAGTTCGTAAGCTCTAATCTTTTTCAAGACTAGCCCAATTTTTAATAAACTTACAA
TTTCAAGCTACCTTTGGAGTCATACTAGGAAGAAAGACTAGGAATGGCATTTGGA
GTCGGAAGCTTGTTTGCCGTTCCGTAGTGCGAGTTCCATGCCATGTAAGTTCTATT
AGTTATGAGAACTGTATAAAGAACTAGGAACATAAATGTCGGAACTAGTATCATG
TTTTAAGAGAACCAGTACTGGAGAATAGTCTAAACAATTACTTCAACTTGGATGA
ATGATGCCTTTGGACAGGTTCACGATTCCATTAACATTATAATATTAAAAGACTGT
TTAAGGATTAATAGTCCCTAGGAACTGAAGAACTTAGGCACGGAGTTTCATGTTCT
AGTAAGAAGAATAAGTCTAAGTTCTAATAACTCTTAAGTTATACTAGAACTAATA
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CTTATAACTTCTTACAAAGAACATTGTCCTCCTCGTATAGGAACGTGAAAGAGCA
ACTACGGTTTCTAGAAACGAGATCACCCTACTGGAGAAAGAGGCTATACCGGAAT
ACCATTCAACCGATTAAGACTTCTTGTTCGAGAATGAATTAAGAAGAACAATAGA
TAGGAAGCCAATATAAGTTAAAGCAAGTTTCAATAGTAGTTAGGTCACCATTAAG
AACTTAGGAACAATATCCATTTGCTACTTACGGAATCAGATTGTAAGTGAAAACA
GTCCTTAGGAGTTAACCTAGAGGATAAAGGATCCAAGTGCTACCATTGGACGAGG
AGAAGAGCTAAGAAGAGTTAATATAACTGAAAGAGATAAAGAGCGTTAATTGAA
GAATGTGGAAATAACTGAGCCATCTAAATGTACTCATTGAGTCATGTAAACCCAA
GAGCACCATCATCCAAACCTGTACTTATGAATAACCAACTTGGAATAAATACAGC
GAGCCATTCCATTGCATGAAGAACCCAATACCGTTTTCTAATAGCAACACGATGT
AAGGAAATAGAAACGAAAGATTATTTAGTTAAAGGAGGTTACTTGGGACGTATAA
GTTCTCTTCCACCTAGATACAGAGAAGTACAAGAATAGGTTTAACTAGGAATAGG
AGTTATTAAGAGAAACAAAGTACTAATAAGCGGATTCTATTCGCCACTTGGTATTT
GCGAAAGACTCACAAACTCGGACTTATCTCCTTAACTGAACAAGCAAGATTAACC
GGAAATTCTCAAACAAAGCCCATTCTAATTACTTGCTTTACAGATCTTTTAGACTA
AATCCACTTTAGCTTTGAAGTCCACTTGGGCATAAAAAGAAGCTAATAAGGCTAT
TAATAAATCGTGATGTAACGAAAACATTGAGGGTAATTTCTCTGAGGGTAATTGT
CCATGATCAAAAATAAAAGCCCTATTTCATTGACCCTATCAAAAATCATATTGCCT
ATAAGCACGAAAACAGCTTTGCCTGGAATTTGCTTTGACCTCGTAATTAAGAAAG
CGTGGATTCATGTTTGAGGCCGAGCGAGACGAAGAATGAGTCCGAAGCTCGGCGA
TCGCGAAGGCGATCTGTGGCGCAATGGTTTGCGGATAAATGATTAAGCTGGATGA
TTATGTTTATTTCTATTATAATATCTCCGGATTTATATAACATGTCAAACAGGGGT
GGTGGGCGGGCAAGGATTGTGGCGAGGAGCGAAGAGAGGCCAAGGGCCGCCCTA
TTTCGACCCGAAGGGGAGAAGCGGCCCCTTATTTGGCCTCTCGAGCGACGAGCCA
CTGCATGTTAGCCTAAGCATGTTCCACTAGATTGAGCGGAGCGAAATCTCAAT
psbD
GGCCTCTTCACTATTTCGCTAACTGGTCATCTTTTTTCTTAAATTGGTAATTTCATT
AACTCTATTGGTTTTATATAAATGTAATTCTATTCGTTTAGTTAAGTTGCTATTTCT
TCTGTACACAATGAGTTCGGGCTTGCTCAACAATTGTAATTATTCTATAACTTATA
AACTAGATCTAGTGCATCCGATCTTAGAACTGAATATTGTGTTGATGAAAGTCTTC
TTATGCATCATCTTATTTAAGTGTACGGGTTATTTTGGCGATTAAAACCGCTCGCT
CTATGGGCCTTGTTTTTTCTACCATTCTTCAACGCTTTGTGTAGAAAGGTGTTTCTT
AAGTTCCAGCTTGGTTATGATTTGTGACCAATCTTCTAAGTTTAATGTTGTTGGTA
AGTTAACTGTTCCAATGTTTCTTCCTGGGATGGTAATTATTTCTACTAATCTGGTTA
TTGGGATTATATTGTAGATAGCACTATTACTCTTTGGTATAGCTTCTATTGTAAGGT
AATAGAATTTCCATGGTACAAATTCATGGTCGTTATTTCTTCCCTTAGATCTAGTA
ACATAATTCAATTCTTTCTAATAACTTAGTATTTTGTGTAGCTCCAAGTTTATCTTC
TTTTTCGTTTAACTCATCTATTAGAGTTATATTAACCTTCTATCTTCCACTTTAGTTA
TTCCTTTTGTTATAGTATTAAGATTAATTCCGTATAAGGAAGTTTTAGTTATATGTT
CCTATATGGATAGTTTAATAGTTCTTAGGTTCTAGTAATAACGAGTTTTGTACTAA
CACATTTTAAAGAACTACCTTGTAATGATTAAACTTTTAATTACATTATCTTATTCT
AAAACACCTTCTTATTTCTTAGTACTAGATGACTGGTTGAGAAGAGAAAGGTTTGT
ATTTGTAGGCTGGTCAGGTTTAATTTTATTTCCATGAGCGTATTTAGCTTTAGGAG
GTTGGTTTACCGGAACGACATATTTATCTAGTTGGTTTAGTCATTCTTTAGCTTCTT
CTTATTTAGAAGGATGCAATGTGCTAACAGCTGCTGTATCTACTCCAGCAAATATA
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TTTGGGCATTCAGTCTTAGCTATTTGGGGGCCTGAAGCTGGTGGATCCTTTACTCG
CTGGTGTATTATTGGTGGTATGTGGACATTTATTGCTTTTCATGGTGGACTTGCTTT
ATTGGGATTTATGCTTCGACAATTTGAAATAGCAAGAGCTATCAATCTTAGACCTT
ATAACGCTATTGCATTTTCTGCACCAATAGCTATCTTTTTATCTGTATTTATTATCT
ATCCTTTAGGACAAGCTTCTTGGTTCTTTGCCCCAAGCTTTGGAGTTGCTGGAATTT
TTAGATTTATCCTATTCTTTCAAGGATTCCATAATTGGACGTTAAATCCATTTCACA
TGATGGCTGTAGCTGGCGTCCTAGGAGCAGCTTTATTATGTGCTATACATGGTGCT
ACTGTAGAGAACACAATCTTTGAAGACGGTGATGGTGCTAATACATTCCGTGCAT
TTAATCCTACTCAAGCAGAGGAGACTTATTCTATGGTAACTGCCAATAGATTCTGG
TCGCAAATACCGGTGGTTGAGTTTTATTATTCAATCTATATTACTGGACTAGCTTTC
TACTTTCATGCATATGACATTGTTTCACAAGTATTATATGTTTCATTAGTGATTCGC
TTGGCAAGCATTTATCACTCACATGAACAGTTATTCGTTCCTGAAGAAGTAGTGCC
ATATAGATTCTTTGGCATCTGATCGGTGACATGTGTTATTCTTAGTCTTCATTCTAG
GTTATACAAATGGGATCCTAGATCAACTTGGATAGAACTATGACATGCTTTAACTG
GATTAGATAAAGGATTTAGAATAATTCGTGCAGGTTGAATTTAGATTTGCAGATAT
TATTGAAGAGTTTATTAATAAATTGAGCTGAATGTTTACGAATAATTGCACAGCTA
TTCAGTTTCGATCGGCAGACCTATGAATTTATTAGTTTTTGAAAGATTTTTGTTCCG
GATTGTACAGAATTTTCGCACTTTTATTAAATTTCCAGATTCGCCATTCTAATTTTT
GTGCCTAATTTTATCGTTTCGTCGAAATTTTATAACTTTTAGAAGATTTTAGTCAAA
GAGAAGGTTTTGCAAAATTTTCTGTTCAAGCGATTCGAGCCTCCAACTTCAGATTC
TGAAACCAAAGTGCTACCTAATGGGGCCGCCTTTTTCGAGCAAATAATTTGTCGCC
GATCGAGAATGGCCGAAGCCCAAAGGAGTCGGCAATTTTTGGCCACGTCATTTTA
ATTTCAGTTGGCAAGAGGAAGTATAATGCTTTGTGATTCAGATCGTGATCGAAGA
AGATCAAAGATGGGCTTTTCCTCGGTATAGGTTAATTGTAAGTTTAGTAGTTATGA
GGAACTGTATAAAGAACTTGAAACGTATTTGGTATGTAGAAACAAGAGTCAAATT
CGGTTCATGCATTTGGAATCCTAAGCGTGGTCCTCGGTGCGAGTTTAATTATCCTT
CTTTAGCTACCAACTATCATTGTTATTGGAGTTAGTCTAATCTATGAACATTATAA
TCTTAAAAAGACTGTTTGAGGAAAGATGTATGTTTAAGGATTAATAGTACCTCGG
AACTAGATGTAGGAACTAGATCAGGTTTGTAAGAGAACCAGTACTTAGGATTGAA
TTACCATTAACCTAGGAAAGGGAATCTACTCCGAGTATTGGAACTAGGAACGTGA
AAGAACAACTCCGGTTTCTAGAACAAAGAACAGGAACATAACACCGTTTAGAACT
ATAAGTAGGAACTTAATGGGATGATGGTTAACCAAGAGCATACAATTGACGAAAT
GCTGGTGAAGATTATGAAAAGGAAACTGAGAGTAATGAAAAGTTAGAAATCATG
TACTTTGGGAATAACTGAGCCATCAAAATGTACTCATTGAGTCATGTACACCCAA
GAGCTTCATAGCTAAACCTGTACTTATAAATAACCAACTCCGCATTTACCTTGGGA
CTATTTATGCTTTCATAAGAACCCAATAACGGTATTAGAAGAATAACAATCTAAG
GTAAGAGGAAAGAATAATTGTTTAGTTCTTGAAAGAGATACTTGGGAAGTAATAA
TGAATAAGTCTAAGAGGAATCATGAATGGTATTTGTACAGGCAACCAAACTTCGG
AAATTCACTCTTTTCGTCCCAAGCGGAATTAGCCCCCATTATTCCTTTACTTGCTTA
GCGGGACATCTTGATCCTTTAACCGGAATCTATGTTCGTGGAATTAGACGTAGGA
ATCAAATAAGATGTTACAGGCTATTATAAATTCGGGAGCTAACGGAAAACATTGA
GTGAAAGTTCGCGGAGGGAATTGTCCATGATCAAAAATAAAAGCCCTATTTCATT
GACCTTTAGTAAATCCAAGTTCCAATAAACCCGTTAATCGCTCCATTTGACGGAAA
GCTACTCCTCGTGATTCAGAAAGCAAGAATAATATTTGCGGATAATCCAACTAAT
CTCTTTAAGAGGACACACATTCTTTTAACTTCTGTCTATTAACAAATGCATTTATGC
GGCTCGTCCACCGCCTAAGCTTAATATGCTGGTCCCGATCCACTGAACGGATGAA
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GCAAGCTTTAGCGATCCAAATAATGTTGAAGGGGATAATGATGGGCTGCCGAGCG
AGACGAAGAATGAGGCCGAAGCTCGGCGATCGCGAAGGCGATCTGTGGCGCAAT
GGTTTTGCGGAAGATTGAAGCGAAGATAATGGGTGGACGAAAAAGCGGAGCGAC
GAGGCGCCATGGCCGCCCTATTTCTACCCGAAGGGGAGAAGCGGCCACTTATTGG
CGCCGAGGAGTCGGAGCGTGCGAGCGGAGCGAGCCTCATGTTAGCCTGGAAGAT
ATTATGATTGGGCGATGAAACTTGTTTCCTTTTCTATTATTATAATCTCCGGATTTT
ATAAACATGTCAAGCAGGGGTGGTGGGCGGGCAAGGAGTGTGGCGAGGAGCGAA
GAGAGGCCAAGGGCCGCCCTATTTCGACCCGAAGGGGAGAAGCGGCCCCTTATTT
GGCCKMTCGAGCGACGAGCCACTGTATTCTAGCCTAGATCGAACGGAGTGAG
rbcL
TGTTAGCCTAAGTGCGAAGATCGGCGACGGCCGCCATATTTCGAGCGAAGCGAGA
ACGCGGCCCCTATTCGCCGATCGAGCGACGGGCAGGCTGAGGCGAAGCCGAAGC
AACATGTTATACTTTCTTTCTTGTACAGATGAGCTAATTGGTTCTATGGTAAATCA
AAACTACTTCCTTTATTTCTATTTATTGTTTGTTTCGACTGTACACAATGAGTCATG
GCTTGTCCAACTTCTTTATTTAGATTGTCATTTCTAATAACGTGGCTTCTTGATCTC
TGCGTAGACCCGATGATTGTGTTGATGAGGTTCTTCTTTTGCATCATATTATTTAAG
TGTTCGGGTTATTTTGATTTTCTAACCCACACATTCTATGGGCCTAGCTTATTAATT
CAGTTCTTCAGTTTGGTCCTGGGAGATTATATTGTATGTAGCAAAGTCTATTACTTT
TGGGTATCGTCCAGTGGAGAAATTGTAATAGCTTCTTGTAATAGTTGTTAGGACCT
TAGTGACGATCTTCCTTGATAAGTCTATTCATTAGGGTAAGTTCCTAATCTCTTTTC
GATCCTAGTATCATTCTTCTATTGTAGATAACCTTCTTCTTTCACTTGGTTCTTTCTA
CTTACTTGGTTCCTTAGTTAGTCCAAGGCAATGGGTTCCGAGTTCTACTATATCTA
GTTGCATGTATTATCTGTAATTAAATCTATCTTTCATAAATCAATTAGCAGGTGTA
ATTATGCCGATTATCTTACTTGAAAGACTAATTTCAACCTTTCATGATTCTTGGGG
CGAAAGCTCCTGGTTTTGATTAAAAATGATATGTAGGTTATCAGATTCTAGGTCAA
AACTAAACTTTGGCATGGGACATAATTCCTACAATTTTATTTCATCTCAATGCTAT
TAATTTTGTCTTGCTGTCATTAATTAGCAAGCGATTCAATTATATTACTTGCTTGCG
TTCTTTGTAATCGATTAAGCAAGAACTATTTTCAAACTGCGGGCTTAATTGCCCAC
TTTTACATTAGGAGCTGTTTATTTATCTCTTTCATGCAAACACAAACAAGATCGGG
ACAAGGATTTACAGCTGGTGTTAAAGATTATCGATTGACATATTATATGAAACATT
ATCAGGTTCACATTAATGACCTGTTAGCGGCTTTTAGAGTTATTTCTCAACCAGGA
GTACCACCTGAGGAAGCAGGAGCAGCAATTGCCGCAGAATCATCAACTGGAACTT
GGACTACTGTATGGACTGATGGTTTAACTAGTTTAGACAGATACAAAGGTCGTTG
CTATGATATTGAATTAGTTTCTGGTGAAGATAACCAATACATCGCTTATATTGCTT
ATCCATTAGACTTATTTGAAGAAGGTTCCGTTACTAATATGCTTACTTCTATCATTG
GAAACGTATTTGGATTCAAGGCTCTTCGTTGTTTAAGGTTAGAAGATCTACGCTTA
CCCACTGCCTTACTAAAGACCTTTCACGGTGCTCCTCATGGGATTCAAGTAGAAAG
GGATAAGATTAATAAGTATGGACGATCTTTATTAGGTTGTACAATTAAACCTAAAT
TAGGATTGTCAGCTAAGAACTATGGACGAGCTGTTTACGAATGTCTTTGTGGTGGA
TTAGATTTCACCAAAGACGATGAAAATGTCAATTCTCAGCCTTTTATGAGATGGCG
TGATCGGTTTCTTTTTGTTGCAGAAGCAATTTATAAGTCGCAAGCTGAAACTGGAG
AAGTTAAAGGACATTACTTAAATGCTACAGCAGGTACGTGTGAAGAAATGCTAAA
ACGTGCCCAAGTTGCTAAAGAATTAGGAGTTCCTATTATTATGCACGATTATATAA
CTGGTGGTTTTACTGCTAATACATCTTTAGCTAGTTTTTGTCGTGATCATGGATTAC
TACTACATATACATAGAGCTATGCATGCCGTCATAGATCGACAAAAGATTCATGG
117

AATTCATTTTAGAGTTTTAGCTAAAGCTTTAAGAATGTCTGGTGGAGATCATTTAC
ACTCAGGAACAGTGGTTGGTAAGCTTGAAGGTGATAGAGATATCACATTAGGATT
TGTAGATCTAATGCGCGATGAATCAATAGCGCTCGATCGATCACGAGGAGTTTAT
TTTCACCAAACGTGGGTTTCATGCCCAGGTGTTATGCCAGTTGCCAGCGGAGGTAT
CCATATTTGGCATATGCCTGCTCTTGTAGATATATTTGGTGATGATGCATGATTAC
AGTTTGGCGGAGGAACTCTTGGTCATCCATGGGGTAATGCTCCTGGAGCTGTGGCT
AACCGAGTGGCATTAGAAGCCTGCGTATTAGCTCGTAACTGCGGTAGCGATTTAT
CACGAGATGGAGCTAATATTATTCGTGAAGCTACACAATTCAGTCCAGAATTAGC
TGCCGCTGCTGAAGTTTGGCAATCAATTGAATTTAATTTCAAAGCAGTAGATACAG
TTTAAGTTTCTCTAAAGAAAATGTTACCAAATGAGGTTAGCTAATTAGTAAATCTG
CTTAATGTTGACGGCAAGCCAAGAATAGATTAGATTTTAAGATTATTGTAGAGGA
TTGTATTGAAATTTTGTTGAAACCATTTTGATTAACTGAATTTAGTCGGATTTTGAA
GCAATTTTCTGAAATTTACGTGGATTTTTAACAAAGACGAGTTTCTTAAAATTTTC
TAACAAAAAGACTTGAGCCTACGAAGTTAGAAAATTCGCCGGCCAAAAAATCGAC
CCCCGCCATTTTTCCAGCCAAAAATTTTCAACCCGAAGGGCGCCGGGCCACGCCC
AAGAAAACAGACTTTTTGCCCAATTCCATTTCAGGAACCCGCTAATTTGGGATCAA
AGAACAGATGTAACATCTCGCCCAATAATCGTAGGAATTATGTCCCATGCCAAAG
TTCAGTTTTGACCTAATGCTTTGACAAAACAAGAAAGAGTAAACATAAAATAAGA
TAGAATTTTGATTTAAGTTACTTGGAGTTACTCTACACCATAATTTAAGAATTAAT
TAGTACCTAGGAACTTATAAAGACTTGGACCATATAGAATGACATAGAACAGAGG
CATCTACTTCCGAGTATTGGAAACTAGGAACGTGAAATAACAACTATTGTTTCTAG
AAACTAAATCCACCTAGTGGAAGAAATATCTACACCGTAATATCATTAACAATAC
AATAGATCGTGAAT
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